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CHAPTER 1
IN PLACE OF AN INTRODUCTION

1. An Electrical Discharge in a Liquid - A Process With a
High Corcentration of Energy.

The development of technoulogy has brought to the attention of
physics the task of investig:ling processes with great concentrations
of energy,hish pressures. and temperatures. A pulsed electrical
discharge in a liquid is one such process. The high temperature
and pressure arise as a result of the rapid release of energy of a
condenser in the discharge channel. These qualities of pulsed
electrical discharges in liguids are used widely in the development
of new tecchnological processes of machining different materials
and in the creation of new means of energy conversion.

In 1644 B. R. Lzzarenko and N. I. Lazarenko T 1] mentioned the
possitility of ucins pulsed electrical discharges in a liquid for ma-
chiningz metal. At the present time this method has obtained wide
use in many branches of industry. The electrosparking
of metals basically makes use of the ability of pulsed discharges
in a 1liquid to create a dense high-temperature plasma. The liquid
here primarily functions to inhibit expansion of the channel, as
a consequence of which the density of the energy released in the
charnnel is increased and, conscquently, the temperature and pres-
sure of the plasma in the channel are raised. The physical founda-
tions of electrocparking of mctal have been studied intensively
{2].

Thanks to the high lempcrature and pressurc of the plasma in
the channcl pulsed electricnl discharges in water may serve as a
source of hirh irntensity Jight 73,

At different timos many investipgntiors have turned their

oLlenlinn oo pe Tty oy potred electienl discharges in water
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to create high pressur:s. The fuct that a discharge in a liquid
may have destructive force was recorded in 1767-1769 by lane and
Priestly[ 4, 5] The possibility of creating cumulative jets under
the influence of the pressure arising during an electrical dis-
charge in a liquid was meéntioned in 1944 by Pokrovskiy and
Stanyukovich [6]. Prungel 7] in 1948 undertook the first attempt
to measure the electromechanical efficiency of a discharge in
water. The possible applications of an electrical discharge in selsmic
surveying ware mentioned in 1952 by Vogel 8] and in 1955 by Mazov
and Meyer [9:. The active popularization of the applications of
this phenomencn ty Yutkim 10! led to the wide application of
pulsed electrical discharges in water for performing such classic
manufacturing processes as stamping, grinding, fettling., and

so forth.

Pulsed electrical discharges in water are used as powerful
sound sources, useful in hydroacous*tic and hydrogeological re-
search 711, 121].

In practice discharges with highly distinctive parameters are
used. The principal parameters - the energy of the discharge and
its duration - may vary within a very wide range. While in
the case of electrosparking of metals the discharge energy amounts
to a few joules, in manufacturing processes and in devices in which
a discharge secrves as 2 source of pressure pulses, the energy of
one discharge reaches 103 - 105 J. The durations of the discharges
also may differ significantly. Usually, discharges are used at
close to critical conditions since these conditions provide for the
most rapid transmission of the energy of the storage device into
the discharge channel, and, as will be shown below, the greatest
electroacoustic efficiency. The duration of a discharge in this
case is determined approximately by the value 2n /IC, where L and
C are respectively the inductance and capacitance of the discharpe
circuit. Discharge durations lie in the range from tenths to
huriireds of microscconds. The pulsed electrical strensths developed

durire dicatcoon roneli valnes on bhe order of 102 - 105 kW,

h
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Depending on the energy of a discharge and its duration, the

energy densities in the discharge channel may also differ signifi-
cantly, in some cases reaching values of 102 - 103J/bm2. which in
all is only one order of magnitude beclow the energy density in the
case of explosions of solid explosives. The pressure in the
channel is raised to several thousand atmospheres, and the tempera-
ture - to several tens of thousands of degrees. In some cases,
when thc magnetic energy density is on the same order of magnitude
ag the gas kinetic energy density of the particles in the channel,
the influence of magnetic pressure on the channel (the pinch effect)
may prove to be significant. In practice, primarily discharges
with moderate energy densities are used in a channel, the

expansion of the channel causing a2 disturbance of the density of
the surrounding 1iquid, small in comparison with the equilibrium
state, and the magnetic pressure is small in comparison with the
kinetic gas pressure.

The physical phenomena which appear during an electrical dis-

charge in a liquid had not been studied sufficiently. In particular,

the hydrodynamic characteristics of discharges, a knowledge of
which is important for practical applications, have been studied
insufficiently. The present monograph is dedicated to the investi-

gation of electrical discharges from the hydrodynamic point of
view.

In this study, basically, we examine electrical discharges in
water with moderate energy densities in the channel, since this
cagse is the most interesting for many applications of an electrical
discharge as a source of pressure pulses.

A quantitative picture of the phenomena during an electrical
discharge in water in their actual sequence is presented in the
next section of this chapter.

The means of initiating an elecirical discharge in a liquid
used experimentally are deseribed in Chapler 2.

-
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The processes which take place in the discharge channel and
the properties of the matter in it are examined in Chapter 3.
Experimental information on the electrical characteristics of the
discharge and the rates of expansion of the channel, and also
estimates of the pressures and temperatures in the discharge channel,
are presented. The properties of the low temperature dense plasma
formed in the discharge channel are examinecd and an energy balance
equation is derived. The specific form of this equation depends on
the form of the equation defining the pressure in the channel as a
function of the radius of the channel and its derivatives. In order
to determine this relationship in different cases, hydrodynamic
problems of the expansion of a cavity in a liquid are examined in
Chapter 4. '

On the vasis of the results of the third and fourth chapters,
theoretical models of an electrical discharge in water are con-
structed in Chapter 5.

The results of calculations are c:t.ipared with experiments in
Chapter 6.

This monograph is based primarily on the studies of the
authors anc their colleagues: D. P. Frolov, M. I. Charushina,
A. 1. Ioffe, V. Ye. Gordueyev, K. P. Krivosheyev, V. I. Nemchenko,
B. N. Drapezo, N. G. Kozhelupova, and R. A. Volchenkova,who took
part in the study in different siages. The authors extend them
their most sincere thanks. The authors also thank L. M. Kvasova
for her help in preparing the manuscript for printing.

2. Physical Phenomcna During an Electrical Discharge in
Water.

The principlc phenomena characteristic of elecirical discharges
in a liquid are described briefly in this section. First we consi-
der the so-called pre-discharge stage, during the course of which

the dicchorea chroael  clonine the oap betwsen the electrodes i
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formed, and then consider the phenomena which take place during the
release of the energy of the condenser in the discharge channel, and
finally, the pulsations of the gas bubble after the discharge.

A typical process of the initiation of a discharge is the
breakdown of theelectrode gap in a liquid under the influence of
the electric voltage appearing on the electrodes when a charged
condenser is connected with them. In the voltage range used in
practice (1-100 kV), two breakdown mechanisms are known: the
streamer, or leader meachanism, corresponding to high voltages,
and the thermal mechanism which takes place in the case of low
voltages. The most favorable canditions for the appearancecf
& leader breakdown occur in the case of high voltage non-uniform
fields tetiween a positive point and a negative plane. As a .lesult
of the breakaway of the Tovnsend ionization rushing to_  the point,
leaders are forméﬁ, growing in the direction ofthe lonization
centers on which the Townsend ionization was formed. This process
is reminiscent of gas breakdown. The set of leaders on the positive
point have the form of a drush corona. The closure of the electrode
gap by one of the leaders leads to the completion of the process
of their formation of the discharge channel. This mechanism -
provides for the breakdown of electrode gaps several centimeters in
length with voltages of several tens of kilovolts. The breakdown
lag, that is, the time between the moments of switching on the
voltage and formirg the channel, in the case of leader breakdown
is practically independent of the amount of hydrostatic pressure,
at least up to 1000 atm.

In the case of low voltages the leader mechanism of breakdovn
is replaced by the thermal mechanism. Heating and evaporation of
the water near the electrodes takes place under the influence of
conduction current. As a result, a gas "bridge”, along which the
breakdovn of the elcctrode gap takes place, is formed between the
electrodes. Distinctive fcatures of this mechanism of a discharge
1nitiatiop are the great breakdovn delay, reaching a valuc of

soeveral millinacords, the chort lereth of the sonz which eon ke




broken down, and the great increase in the breakdown lag with an
increase in hydrostatic pressure.

A discharge may be initiated, if technological factors require
" it, also with the use of auxilliary means.

After the formation of a channel an intense discharge current,
reaching tens and hundreds of kiloamps, heats the plasma even at
the initial ctage of the dischurge to a temperature on the order of
104 0. During the discharge process, while the current is flowing,
the plasnma temperature varies insignificantly, dropping after the
end of the discharge.

Heating the plasma produces an increase in pressure in the
channel. Under the influence of the elevated pressure the channel
expands. The pressure in the channel passes through a maximum
during the 4ischarge precess: in the initial stage of the discharge
the preszure in the chanrel increases, in spite of the increase in
its volume, and drops only toward the end of the discharge. A
pressure in the channel at the maximum reaches a value on the order
of 103 atm in the case cf a moderate energy density in the channel.

The plasma density during the discharge process varies insigni-
ficantly and is maintained at a level of 1020 particles/bm'B. This
takes place because the decrease in plasma density due to the ex-
pansion of the channel is compensated by the arival of new particles
as the result of the evaporation of water from the channel wall.

The recsistance of the channel in ithe initial stage of the
discharge drops because of the increase in the cross section of the
channel and tecause of a certain increase in the specific conductance
of the plasma. Toward the end of the discharge the resistance of
the channel increases  in spite of the continuing ekpanéion of the

chornel.




This takes place because of the cooling of the plasma and
delonization caused by this process.

The expansion of the channel continues even after energy
ceases to be released, first under the influence of the pressure
which is elevated in comparison with the hydrostatic pressure, and
then as a result of the lnertia of the flowing liquid. In the post-
discharge state, the channel is converted into a gas bubble. The
expansion of the bdbubdble continues until the kinetic energy of the
flow is completely converted into the potential energy of the bubtle,
the pressure 1in which is significantly less than the hydro-
static pressure. Then, reverse motion of the liquid takes place
under the Influence of the hydrostatic pressure. The potential
energy again 1s converted into the kinetic energy of the converging
flow. When the cavity is slammed shut the pressure of the gas in it
increases sharply. Under the influence of this pressure the ligquid
is thrown back, and the process is repeated in the form of several
successive damping pulsations. The period of the pulsations and

afh
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Figure 1.1. Profile of compression wave emitted by an
electrical discharge in u liquid.
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Figure 1.2. Oscillogram of compression wave at a distance of
1 m from a discharge.

the maximum tubdble radius are determined by the amount of energy
released in the channel.

The expansion of the channel in the discharge stage and the
subsequent pulsations of the bubble are accompanied by the emission
of compression and rareflaction waves. Compression waves are emitted
in the discharge stage and during the followirg bubble welding,
when the high pressure in the channel and then in the compressed
bubble causes compaction of the ad jacent layers of liquid. Com-
pression waves alternate with relatively long rarefaction waves,
which are emitted in stages when the pressure in the bubtle is lower
than the hydrostatic pressure. A typical profile of a compression
wave arising in a liquid as a result of an electrical discharge is
shown in Figao.1.1 and 1.2,

In the case of the intensive rclease of energy the rate of
expansion of the channel may become comparalle
to the speed of sound in the liquid and even exceed it. In these
cr3es a compression wave propagating in a liquid is converted in-
to a rhock wave in the immediate vicinity of the channel or even is
emiticd immedintely in the form of a shock wiave. The energsy re-
leased in the discharge chunnel basically in expended in the work
performed by the channel durine expnansion (around 507), and in

B Ui U we the s d e chsennoece coroinkee
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The work performed by the channel 1is subdivided into the
compression wave energy emitted in the discharge stage (up to 20%),
and the gas bubble pulsation cnergy., equal to the potential energy
of the bubble at the moment of maximum volume (up to 30%). The
pulsation energy gradually is consumed in the emission of compres-
sion and rarefaction waves and in other losses. ‘

Pig. 1.1 shows a schematicized profile of a pressure wave,
and Fig. 1.2 a profile recorded experimentally at a distance of
1 m from a discharge channel 0.9 uf in capacity at 30 kV; the
length of the channel is 6 cm; the inductance of the discharge
circuit is 3 s the time markings are i1 msec; the amplitude of
the compression pulse emitted by the discharge in the direction
perpendicular to the channel is 9 atm. In the channel of this
discharge, the conditions of which are close to critical, around
350 J of energy m abcut 10 ysec was released. Pulses,
reflected from the tank wall and from the free surface of the water,
are seen on the experimental curve after the compression pulses.
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CHAPTER 2
DISCHARGE INITIATION

1. Introduction.

Discharge initiation is understood as meaning the process of
creatirg a current conducting channel, closing an electrode gap,
in & liquid. This pro~cuss may be based upen different physical
phenonena. The princirst one is the breakdown of the liquid under
the influencc of voltssnc wpplied to the clectrodes. With sufficiently
high electric intencitics, the brezkdown of a liguid, similar to the
brezkdovr: of 2 gas, ic chuzracterized by the formation of leaders
vhich develop frem one elec rede to another. In the case of low
field intensgitics and in liquids having sufficiently high conduc-
tivity, a gas cavity, along which electric breakdown then takes
place, first forms be.ween the electrodes.

In addition to thesr phenomena other means may also be used
for initiating a discharge, fer example, the vaporization of small
wet metal wires with which the electrodes are connected prelimi-
narily. For discharge initiaticn it is pcssible to use preliminary
breakdown of the electrode gap under the influence of high voltage
from an auxilliary source, and also breakdown along a gas bubble
artificially formed bectwieen the electrodes.

The variety of methods of initiating discharges stems from the
necessity of crecating discharges in different conditions, namely:s
under different initial working voliages, in liquids with different
conductiree. and under different hydrostatic pressures, and also
from the neecessitly of forming discharge channels with different
paramcters.  The latter ic importunt for matching the resistance of
the chunnel wilh Lhe rroistance of the conducting circuit in order
to crcate irsirmiiclicunt losses in trancmitting cnergy from the

condenner Lo the channel.
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In addition, when using electrical discharges as sources of
compression pulses it is necessary that the mean resistance of the
chasinel with respect to time be close to the critical resistance of
the discharge circuit. Fulfilling this condition, as will be¢ shown
below, provides for the maximum efficiency of the discharge. For
investigative purposes sometimes it is necessary to obtain a channel
of a certain form, for example cylindrical; this is easy to do by
initiating discharges with wires.

The method of initiution used usually must provide for a
brief initiation process in comparison with the duration of the
discharge itself for stability of the discrecrge and for low energy
consumption.

In the follovwing sections we shall concider several methods of
initiating discharges in water.

2. Initiating dischairges by high voltage breakdown in weakly
conducting water.

The conductance of water exerts significant influence on the
processes of diccharge initiation. In cases important for practical
purposes conductances may vary within quite wide limits: from a
value on the order of 10'“ (ohm x cm)"1 for tap water to a value
on the order of 1072 (ohm x cm)'1 for sea water. Discharges in
weakly conducting water arc used most widely. Discharge initiation
in this case ucually is jrimed by means of electrode gap dreakdown
under the influence of high voltage applied to electrodes. The
voltases used here reach 100 kV. The mechanism of breakdown under
the action of high voltases comes down to the formation and develaop-
ment of leaders up to the point where one of them closes the electrode
€ap.

Por lezder form-tion it is necessary that the field strength
at the electrode curface exceed o ithreshold value on the order of
grversl ters o ® Miveuglie ner eantimeter, Point - plane or point -



point type electrodes, creating an intensely non-uniform field,

are used to create the maximum possible field stroengths. The
field strensth at a point with a radius of curvature r which is
less than the length of the electrode gap 7, may be found according
to the approximation formula

.
b~rln£ '
r (2.1)
- for point-plane type electrodes and according to the formula
E~x_=X
rla—-

(2.2)
- for point-point type electrodes.

These formulas show that the field strength at a point is de-
ternmined primarily by the radius of curvature of the point r and
by the voltage u, it being higher for the case of electrodes of
the point-plane type.
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Figure 2.1. Discharge channel.

The minimum field #'r n-ih, caleculated according to formula
(2.1), at which lcuders still appear, proves to be approximately
equnl to 3¢ x'/cm and corresponds to the case of a positive point
in the negitive planc [*]. This result ic obtained in experiments
with a point in the form of a rod insulated with » vacuum rubber
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Figure 2.2. Discharge channel.
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FPigure 2.3. Development of streamers in tap water. Positive
electrode point, negative plate. Uy = 108 kv, electrode

gap 17.5 cm.

tube 8 mm in diameter witn a tip sharpencd into a cone with an angle
of 30°. The radius of curvature of the point was 0.5 - 4 mm and
the water contact area was 0.8 - 4 cmz. The voltages used were in
the 16 - 100 kv range, and the capacitance of the storage device
varicd within the limits of 0.01 - 10 uf. The reliability of the
minimum amount of ficld z:: n.-tl, corresponding to the threshold of
the appcarance of leaders is unknovn for other conditions, not so
much brenuse of the approximate nature of ihe ealculatings formula,
but beoutuse of distortions of the field at the clectrode point
introdused bty dilForent roctors.  The deg.ee of curface roughncess
of the electrode pluys a rifnificint rolc in the process of leader
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polishing the tip [2]. It is possible that a gap film, the break-
down of which also is an indicator of leader formation, is formed
during the delay as a result of water being heated by the current

on the electrode. The presence of roughness facilitates the forma-
tion of gas bubbles at individual,fpoints. Insulation of the

lateral surface of the point plays a significant role in the process
of leader formation. Insulation is necessary in order to exclude

.r____.wm_,"_ﬂ
i

Figure 2.4. Dovelopment of strcamers in tap water.
Positive electrode pcint, negative plate. uy = 108 kV,
electrode gap 16.5 cm.

-
?

Figure 2.5. Developrment of a streamer in tap water.
Negative electrode point, positive plate. ug = 108 kV,
electrode gap 1.5 cm.

contact of the high voltage elecirodes with other parts of the

device. The presence of insulation creates field distortion due

to the appcarance of charges settling on the surface of the insu-
lating diclectric. The formation of a leader therefore takes place,

as a rule, not on the point, where the theoretical field ustrengih is at
¢ maximurm, but st the border of the electrode with the insulation.
This phenonenon is scen clearly ; . a photograph of a discharge

between electrodes in the form of two rods 10 mm in diameter and

with an elretrode #np of 2.5 erm. The vnltara on the electrodes
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before dbreakdown is 50 kv (Figs. 2.1 and 2.2 [2]5. This effect
leads to the destruction of the insulation and limits the service
life of the electrode. : .

Electrode polarity has a marked influence on leader formation.
The pre-leader time -~ the time of the formation of a leader for a
negative point in the positive plane - is somewhat less than in the
case of a positive point if the field strenzths  do not exceed
85 kV/cm. In the case of high field s.rength, approximately
350 kv/cm, the situation is the reverse. In this case, the time
of leader formation 1s not more than 0.5 sec for a positive point,and
for a negative orie. 1 - 2 uscc [1].

The development of leaders in the gaps between a point in a
plane tz::zt place sisgnificantly differently depending on what
polarity the point has [3].

In the case of a positive point, the Tcunsend icnizaticns
rushing to the point from the individual centers of icnization,
"mark out” the path for the growth of leaders. Pigs. 2.3 and 2.4
show photographs of the streamer picture which appears in an electrode
gap 17.5 and 16.5 cm long formed by a positive tip and a negative
grinded plane in tap water. The working voltage of the storage
device is 108 kV, and the capacitance is 0.1 uf. The positive
electrode was the end of an Ri-3 cable with the outer insulation
and braiding removed; the diameter of i‘he high voltage insulation
is 9 mm and the diameter of the inner wire is 1.37 mm.

In thc case of a negative point the electric field "bLlows out”
electrons from the point, evidently, significantly more uniformly.
A negative space charge is formnd around the point, lowering the
field tr1-l:r in the arca of the negative electrode. This effect
hirders lcaler formntion. In tnis situation the presence of a
positive enrfnce charre on the clectirode insulation plays an impor-
i:nt role.
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The field picture changes sharply thanks to these charges.
Great field gradients appear in the direction from the point to
the insulation surface, and a leader is formed in this direction.
A leader, spreading along the insulation surface of a negative
electrode point, is shown in the photograph given in Fig. 2.5.
This photograph was taken in conditions differing from the condi-
tions which obtained in the case of the photographs in Pigs. 2.3
and 2.4 only by th® fact that the electrode polarity is changed
and the inner electrode distance is decreased to 1.5 cm.

Thus, the most favorable conditions for the appearance of
leaders, necessary for closing an electrode gap, exists on a posi-
tive high voltage point. The dynamics of the growth of leaders in
the electrode gap formed by a positive point and a negative plane
depends on the amount of voltage, the capacitance of the storage
device, and the amount of point aréa in contact with the water.
Information on the development of leaders usually is obtained by
means of photographing leaders by the self-exposure methed, exam-
ples of which are the photographs in Figs. 2.3 - 2.5; by high
speed motion picture photography, an example of "which is shown in
Pig. 2.6; by photography with the use of image conversion ([4]; by
motion picture photography with direct illumination [5] amd by
oscillography of the discharge current and voltage in the electrode

&€ap.

The following basic rules will be established according to the
results of an experimental investigation of the development of
leaders.

The magnitude of the strength at a point, depending on the
voltage and radius of curvature of the point surface, in contact
with the water, determines the numbcr of leaders which appear. The
higher the field strensgth, the greater isthe number of leaders
which develop , A quantitative idea of the dependence may be
obtained according to photographs of the brush corona on Fig, 2.3,
taken ok 1O koo oop i oon Vico 207 and 2.8, whoere Lhe coron on the
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Figure 2.6. Photographs of streamer development.

samc electrcdes is depicted, but with a voltage of 30 kv, a
condenser cnpacitance of 0.33 uf and electrode gaps of, respectively,
10 and 9 c». In these phetorraghs 1% 1s obvious that at 35kV the
number of leaders is significantly less than at 108 kV. This is
explained by the fact that with an increase in field strength
avalanches are formed on nucleii having a higher lonization poten-
tial.

After the formation of the leaders, their development is de-
termined by the field strength at their heads. When the field
strensths  prove to be lower than a certain critical value, the
formaticn of avalanches ceasec 2nd the growth af the leader stops.
The ficld strengths at the head of a leader drop for two reasons:
due to a voltiuge drop alonz the length of the leader and due to a
decrease in voltagze on the electrodes as a consecquence ~f the dis-
charge of the condenszer. Thercfore, the higher is the voltage on the
condcenser, an? the preater its capaciiznce, the greater is
maximim len-th of lcrdars, For example, in the case of a
capacitonce 0.1 pl cnd voltiages of 10, 30 and 100 kV, the maximum
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RK-3 cable, is equal, respectively, to 1, 4 and 15 em. If we leave.
the voltag: equal to 30 kvy, then with condenser capacitances of

‘ 0.1, 0.2, 0.4, 0.9 and 1.6 uf the maximum leader length will be,

E ' respectively, 4, 4.5, 5, 5.5 and 6 ¢m. The maximum leader length
passcs through a maximum if the voltage is increased,maintaining
the energy of the storage device constant. In this case, the
effect of the increasing voltage first is neutralized, and then

is cancelled by the effect cf the reduction in the constant time of
the condencor discharge due to the reduction in capacitance and
also due to the reduction in the resistance of the electrode gap
because of the increase of coronal branching.

Kuzhek:n [1] obtained empirical formulss characterizing the
growth of positive leaders, valid for t.ie following conditions:
voltage range u = 15 - 100 kV, condenser capacitance range C =
0.1 - 10 uf, point area S = 0.8 - 4 cm®. The point is made in the
form of a rod 8 mm irn diameter, sharpened into a cone with an
angle of 30°. and a radius of curvature of the tip of the cone
r = 0.5 -4 mm. The conductivity of water _a..1o'4 (ohm x cm)'l,.and
the negative electrode is a plate.
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Figure 2.7. Brush corona. Positive electrode - point.

For these conditions the maximum length of the leaders, and,
consequently, the maximumdisrupvtive length of the electrode gap
is determined by the formula

VS e (e
!/ SR (2.3)
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Here u, = 18 x 103 1n 4 /r is the voltage corresponding
to the minimum field strength at which leaders still appear
(36 xV/cm); a is a constant equal to 3600 sec x Vz/cm: t is the
distance between electrodes.

The length of a gap requiring not more than 10% of the energy
of the storage device for its own disruption is determined by the
formula

0".‘::,'(1»— ..2 -
. lunm;=]/—2$%h“)+l&“—125nw.

(2.4)
These formulas give incorrect results if, in particular, the

amount of point area is lcss than the lower 1limit of the abave-

mentioned range of variation of S, for example, in the case of

an electrode made of an RK-3 cable, when the area amounts to several

square millimeters.

Let us consider the development of leaders in time. As high-
speed motion picture photography cshows [2], the "growth” of leaders
takes place with interruptions. The interruptions result, evidently,

m

O

Figure 2.8. Brush corona. Positive electrode - point.

from two causes: The leader hcad running into gas tutble - cavita-
tion nucleii, incresses the radius of curvature of the leader head
&nd thus reduces the field strength on it, and lags in avalanch
formation due to the temporary atscnce of centers of ionization
with sufficicntly Jow ionization potentiales in the liquid near the
leader head. ® The number of interruptions and their duration deprnd
on the amount of voltsge - with an incrense in veoliage these values

decrveano,  Arocopennlt, Ahe nuapnre pate of growth of a lender,
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determined as the ratio of the length of the disruptive distance to
the amount of breakdown lag, depend§ on the voltage. The average

rate of leader growth thus determined also depends upon the lag in .
leader formation on an elcctrode, which, in turn, is determined

not only by the voltage, but also by the form of the electrode and |

its structure.

We shall now cite some experimental data on the dcpendence of
the average rate of leader "growth® on the voltage for two types
of formation of a positive electrode-point. One of these was made
from a rod 8 mm in diameter, insulated with a vacuum tube. The end
of the rod was sharpered into a cone with an angle of 30° and a
- radius of curvaturc of 0.5 - 4 mm. The average speed at 20 kV
vas 2 x 10 cm/sec and at 100 kV - 5 x 106 em/sec 11,

The other electrode was the end of an RK-3 cable. The maximumiis-
ruptive distance i, corresponding to the breakdown lag t, and
the averzge rate of leader growth f/1 with different values of the
working voltage arc given in Table 2.1. In obtaining these data
the anount of condenser energy was held constant and equal to

4s J (8],

TABLE 2.1
u, kv L, cm t, tsec /T, em/sec
52 L] 2,8 2.40¢
» 5 4 1,3.40¢
21,2 2,5 15 1,7-108
15 2 22 5,5-10¢

The data in Tuble 2.1 testify to the fact that in case of an
electrode-point, mide in the form of the end of an RK-3 cable hav-
ing a subsiantially snualler area of electirode-water contact thon
in the preceding ciose, the everage rate of leader growth for the
same volilige valurs prove to be gomewhal higher. This cffect,
evidently, is due Lo the sipgnificantly shorter lag in leader for-
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Figurc 2.9. Electrical charac-
teristics of o discharge in the
absence of absence of breakdown.
length of electrode gap 6 cm,
voltage 30 k V.

1,2,3 ~ current, voltage and
resistance in the cace of a
condenser discharge equal to
0.4 «f; 1°, 2', 3' correspond
to a condenscr discharge of
0_09 uf.

The 11fetimec of the leaders, if the electrode gap exceeds
the maximum length of the leaders, is not limited by the time of
their growth. Leaders exist even after reaching the maximum length,
the total life time sometimes exceeding the time of leader growii
by two orders of magnitude. For illustration, Figs. 2.9 and 2.10
show oscillograms of discharge current and voltage on electrodes,
recorded in the case of the discharges of condensers 0.4 and 0.9 uf
in capacitance at 30 kV in the case where the leader development is
rot completed by the breakdown of the electrode gap (Fig. 2.9),

with a gap length of 6 e¢m; &and when a channel is formed (Fig. 2.10),
with & gap length of 5 em [3].

In addition, Figs. 2.9 and 2.11 show the time dependences of
the electrode gap rcsistance, calculated according to the oscillo-
grams presented above.

With electric strengths on a point above several hundred
kilovolts per centimeter, leader development is practically inde-
pendent of the hydrostatic pressure up to the maximum value reached
experimentally, equal to 1000 atm. This indicates, evidently, a
hirh dencity of thc matter in the leader channels while they are
growing. The leader channel cxpansion seen in the photograph against
a backeround of illumination produced with a certain lag relative
to the diusehneyre indicates that the matter in the leader channels is
heuted and under hi/h precsure.  However, the electrostatic effi-
cliency of diceharec: where no channel is formed ig smalls  the

rotio of the encver A% Av s camvrescion wave Lo Lhe enerpy slored in




the, condenser does not exceed a few tenths of a percent [3]. This
is connected with the fact that because of the great ballast
resistance of water the energy liberated in the leader channels is
swall.

In conclusion we note that the initiation of discharges in
tap water by btreakdown under the influence of high voltage takes
place over the course of very short intervals of time, on the order
of several microseconds, requires a small consumption of energy,
approximately scveral joules,and takes place with high stability,
if a voltage of several terns of kilovolts is applied to a positive
electrode having a sufficiently small, on the order of 10 mmz.
exposed surface, and the electrode gap does not exceed approximately

two thirds of the maximum leader length for the voltage used.

Figure 2.10. Electrical characteristics of a discharge
with breakdovn. Length of electrode gap 5 cm, voltage
30 kv~ 1, 2 and 1', 2' - current and voltage with dis- .
charge of condensers 0.4 and 0.9 uf, respectively.

Figure 2.11. Time dependence of resistance with the
breckdown of & 5 cm electrode gap with a voltage of
30 k& Curves 1 and 1' correspond to discharges of
condensers of 0.4 and 0.9 uf.
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3. Initiation of discharges by high voltage breakdown in
highly conducting water.

With an increase in tiie conductance of water from values on
the order of 10'“ (ohm x cm)~1, corresponding to tap water, to val-
ues on theorder of 10"'2 (ohm x cm)'i. corresponding to the con-
ductance of sea water, the structure of the brush corona changes
substantially. The¢:e changes basically come down to the following [3]).
.fhe leaders arisin; on the pesitive point begin to branch
intensively, and their maximum lengtn with a given condenser
capacitance is shortennd significantly. The corona on the negative
point turns into a thick drush of straight short leaders. Figs.
2.12 and 2.13 show photographs of the corona on positive and nega-
tive electrodes made in the form of the end of a type RK-2 cable
with the outer insulation and btraiding removed. The diameter of
the high voltage insulation is ? mm and the diameter of the inner
wirc 0.5 mm. The capacitance of the conderser - energy storage
device is 0.9 yf, and the initial voltage is 30 kV. The water
contained around 5% %all by weigh: and had a conductance of
0.069 (ohm x cm)'l. According to these photographs it is possible
to find that the maximum length of the leaders on the positive
point is around 1 cm,while in tap water with a conductance of
around 2.8 x 10'“ (ohm x <:1n)"1 and all other conditions being
equal, the maximum length of the leaders reached 6 cm.

The increase in branching of the corona together with the
increase in conductance of the water causes a significant shorten-
ing of the duration of a discharge not completed by a breakdown.
Pigs.2.14 and 2.15 show oscillograms of the discharge current and
voltage on a positive and, correspondingly, negative elcctrode-
point relative to a grounded electrode. The grounded electrode was
made of a brass grid witn a 5x § mm2 mesh, and in the form of a
spherc and surrounded the electrode point. The radius of the
sphere was geveraul centimeters. Its size has practically no in-
flurcnce on the electrical characteristics of the discharge.-

Curves 1 and 1' correspond to the discharre of a 0.9 uf capacitance
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0.1 f capacitance condenser at 30 and 10 kV, and the inductance
of the discharge circuit amounted to several microhenries. Pig.
2.16 shows the depencences of the interelectrode resistance at the
moment of maximum current for different values of the’capacitance
and initial voltage.

The changcs observed in the structure of the corona, evidently,
are connected with the fact that by increasing the electrolyte
concenlration in the wiater the rumber of Tounsend icnization nucl-i#
with & low ionization potential increascs. This entails an in-
creuse in the trarchin: of the coronu orn the positive point and an
increace in the number ¢f leaders on the negative one. On the other
hand, the conrdercer dicchnarze tsakes place mere ropidly with an
increisne in ilc coronn surface and water conluctance., As a result,
the Tield strornatn on the head of the leadcrs decrcnses rapidly
up to the threshold value and the dcvelopment of the leaders ctops
eartior than in pooriy conducting wuter. Thus, the length of the
elestrede rang which o:x be broken dovm is shortered with an in-
erence in ecornductarcs, ond the encrgy expended in the pre-
brezkdovn stiaze increoascs.

If in the case of the high voltage breakdown of poorly conduct-
ing water un insignificantly small fraction of the condenser energy is
liderated in the leader channels, with an increase in conductance
this fraction significantly increases. This may be judged by the
energy choracteristicz of the hydroacoustic effects, accompanying
discharges not completed by a brcukdown, in water of high conduc~
tance,

Figs. 2,17 and 2.18 show ozclllograms of pressure pulses re-
cleved by n brosd=-tund hydrophone ut a distisce of 50 cm from the
pulse coron on pusitive nnd, correspondin=sly, nepative points.

The construction of the ¢luelraden correcpords to the descriplion
perbaininr; te Ficos, 2015 snd 2015, Curvesn 1 onnd 1Y yefepr to dive-
chrarees of a eopaciionee of 0.9 ¢t ot 30 ond 10 kB eurves 2 anl 2°
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acoustic field created by the discharges is sperically symmetrical.
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Figurc 2.12. Ccronz orn a pocitive point in salt water.

The duration of %the comprecsicn pulses is close to the duration of
the discharze current. The compression pulses emitted by the
corend are reproduced well from discharge to discharge.

Table 2.2 shows cxperimental vadlues of % of the ratio of the
compression pulse energy to the condenser ernergy for different
valvags of thn condeonser energy E and initial voltages u on a
pesi*ive (¢) 21 nevative (-) point. The discharge durations v,
fourd accerdirz to oscillograins of the current are indicated in

this tadle. The comprescion pulse crergy is calculated according
to the formula

. 41t ¢
w. T —— p’d'.
‘ o S (2.5)

where r is the distance from the corona to the hydrophone; pc is
the wave resictance of the water; p is the pressure in the com-
prescion wave at the distance r at the moment ¢t.

Another hydrodyr.amic characteristic of a discharge is the
enery of the pulsating bubble. Table 2.2 shows the bubtle pulsa-
tion pericds 1, und the percentaze ratio o of the energy of a
pulsi:lirz bubk'l'e to the energy of the condenser. The energy of
the tutlle 15 celeulsied according to the formula [ 7]

Wo o whpot 1, 440p%,
. . (2.6)

whier p, So b Y T bt e v inien s p o Lhie water density.
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Figure 2.13. Corona on a negative point in salt water.

Ficure 2.7%. Gsclllegram of discharse current and voltage

in the cagse of corcnz. dischsrge on a positive point

1+ 1' correcporid to = 0.¢ . condenner £t 30 ard 10 kV;

2, 2' to tne discharse of 2 0.1 yf condencer 2t 30 and 10 xV.

Figure 2.15. Cscillograms of discharge current and voltage
in the casec of coronal discharge on a negative point.

Figure 2.16. Deperdence of interelectrode
resistance at the moment of maximum
current on the condenzer capacitance

in the case of different initial

voltages

Curves 1, 2, 3, 4 correspond to
voltages of 10, 15, 21, and 23 kV.
Solid lincs corrccpond o a corona
on a posi'ive point, und dotted
lines - on 4 negutive point.
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According to the data in the table it is possible to conclude
that the-work perfcrmed by a discharge, not completed by a break-
down, recaches 7-8% of the condenser energy in the case of highly
conducting water.

Such discharges are used for generating pressure impulses used
in hydrogenlogical research [8].

The results presented above refer to comparatively small con-
centrations of electr J;tes. The authors of [5, 9, 10-12],
conductced investigutions of the breakdown of electrolytes with
conductances and concentrations of dissolved substances varying
within a wide range of values. The authors of 5, 9-117] came to
the conclusion that the "high-voltuge behavior" of elesctrolytes
does riot deperd or. the dissolved mutter and is determined only by
its low voltaze electric conductance. Pigs. 2.19 and 2.20 show
the dependences of the breakdown distance on electrolyte conductance
in the case of positive znd negative points (the end of an RK-3
cable). The voltage on a condencer of 0.2 and 0.4 f capacitance
was 10, 14 and 16 kvy. While in the area of low concentrations
there is a clear cornnection between the breakdown voltage and the
length of the electrodec gap, in an area of medium and high concen-
trations the condenser discharges before the breakdown of even 2a
greatly reduced gap takes place.

In [12] the investigztion of electrolyte breakdown is extended
to an area of electrolyte concentration so high that a drop in
electric conductance is observed. For this area it is found that
a iunger breakdown delay corresponds to the same electric conduc-
tance values as in the case of low concentrations. '

In conclucion we not>» that from the point of view of initiating
disclhurres the most significunt effeet of increasing the electric
corduclazrz~ of Lhe liguld are the reduction in the length of the
Jeaders and Lh» incerense in pre-breakdown currents. As a resuli,
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with energy losses in the pre-breakdown stage, in particular,
in the case of low condenser energies. The use of small electrodegaps
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Figure 2.17.
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Oscillozrams of pressure pulses emitted by

the corore on a positive point.

Figure 2.:13.

the corona on a nesative point.

Oscillezrams of pressure pulses emitted by
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Pigure 2.19.
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Dependence of breakdown distance on the

specific electric conductance of a solution (positive

Eoint) 1-10 kv, 0.2 uf; 1-10 kV, 0.4 uf; 3-14 kV, 0.2 uf;

16 kv,

Figure 2.
specific
point)

0.2 pfl

20. Depcndence of breakdown distance on the
electric conductance of the solution (negative
Symbols as on Fig. 2.19.

requires a reduction ir the effcctive resistance and inductance of
the conducting circuit in order to provide a sufficiently complete
relcus.: of the cordersor cencrysy in a discharge channel with low
resiclonee in nerr-criticenl conditions.,
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4. 1Initiation of discharges by low voltage breakdown of
a liquid.

Up until now we have considered the initiation of discharges
by the high voltage breakdown of a liquid, in which the processes
of the formation and development of leaders played the principle
role. With a decrease in voltage the field strength near the
electrode may prove to be insufficient for the formation of
leaders. For tap water with a conductance on the order of 10'4
(ohm x cm)"1 the eritical ficld strength-, according to Kuzhekin's
data [1], is approximately 36 kV/cm. In the case of lower
strengths the breakdcwn of the electrode gap takes place alang a
gacs bridge formed as a result of the heating and evaporation of the
water by the conduction current. Electrolysis also contributes
somewhat to the formation of gas bubbles near the electrodes.

The formation of a gas tridge is an energy consuming process
which takes place over the course of very great intervals of time
in comparison with the time required for leader growth in the case
of high voltage breakdown. For tap water these times are measured
in hundreds and thousands of microseconds in relation to the
configuration of the electrodes, the amount of voltage, and the
length of the electrode gap. The duration of the process of
forming a gas bridge is shortened with an increase in the conduc-
tance of the water.

Since for the breakdown of the electrode gap it is necessary
that the gas butble reach a certain volume, it proves to be the
case that the energy consumption and duration of the breakdown
stage depend on the hydrostatic pressure. These circumstances lead
to the fact that the use of low voltage breakdovn is very inelfec-
tive for initiating discharges. However, there is a way out of
ihis situation, which is achicJed by using a special electrode
configuraiion: 2 cornfipsuration so that the channel formed after
the breakdown of a comparatively small clecirode gap, may be
lenothens 1 dursine *ne dirshnree processz.  Tn porticular, the
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discharger, schematically shown in Pig. 2.21 satisfies this re-
quirement. Its coaxial electrodes, mounted onc inside the other,
are separated electrically by an insulating sleeve. Breakdown
may take place only between the edges of the ends of the electrodes.
The interclectrode clearance equal to the thickness of the insula-
tion, may bz on the order of 1 mm if the working voltag: on the
condenser is on the order of 1 kV. In thls case the lag in the
breakdow: of the elcctrode gap amounts to several tens of micro-
seconds. It is rcduced by increasing the conductance cof the
water and is 1little deperdent on the hydrostatic pressure, if it
does not exceed 10-20 atm.

After the breakdown of the electrode gap a hemispherical
bubble filled with plasma is formed. The current flowinc along it
is forced out by its free magnetic field onto the surface of
the bubble. &As a result, the axis of the channel acquires the form
of an arc, and the effective length of the chanrel increases

during the process of the diccharge in proportion to the expansion
of the bubdle in the liquid.
!
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Figure 2.21. sxecteh of discharger.
1 - electrodes, 2 - insulating sleeves

Figure 2.22. 0Oscillograms of current and voltage for the
dischurge of a condenser.

Thanis to the lenzihening of the chznnel in the process of the
diccherge 1ts electric resistanec proven to be sufficiently high to
Le 2ble, tochnically simply without sicnifieant logsses and at the

same time sufficiontly rupidly, to transmit the cnersy of the con-
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As an example, Fig. 2.22 shows oscillograms of discharge
current and voltage on the electrode of a discharger, corresponding
to the method of initiating a discharge described above. The
parameters of the discharge circuit are as follows: condenser
capacitance 320 uf, initial voltage 1.6 kV, inductance of discharge
circuit 0.1 uH, interelectrode clearance - 0.1 cm. The discharge
was performed in a 1.5% (by weight) solution of table salt in water.
The breakdown lag is, as is scen by the oscillogram of the voltage,
around 30 cec. Around 85% of the energy stored in the condenser
is released in the channel.

-5. Initiation of discharges by auxilliary means.

The effective initiation of discharges in low conducting
water, as follows from thc preceeding sections , does-not present
difficulties only in the case of using high voltazes. However,
the use of hizh voltages is connected with certain difficulties.
The princippzi difficulty is the nscessity of providing reliable
insulation of the high Vvoltage circuits, which is unavoidably
connected with increasing the overall dimensions of the units. The
use of low voltage discharges with the same energies makes it
possible to make significanily more compact units, which in many
cases is the deciding factor. Therefore, there is a real purpose
in seecking means of efficient initiation of low voltage discharges.

In this section we shall consider three methods of initiating
low voltage discharges by auxilliary means: initiation by wire
bridges -~ this method is practically indepcndent of the conductance
of the liquid; discharge initiation by a preliminary high voltage
breakdown - this method is suitable only for low-conducting liquids,
and discharge initiation ty a breakdovm of the working voltage in
a gas bubble, preliminarily formed in the electrode gap by an
auxilliary coronal discharge. This method is suitable for initiat-
ing discharges in liguide of quite high conductance. The initia-
tion of dischuarzes with wire bridees is based on the hse of the
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attracted the attention of many researchers over the course of a
number of years [13, 147. In particular, the electrical explosion
of wires in a geseous medium has been subjected to intensive study.
The basic features of this type of explosion may be characterized
in the following way. Three stages of the process may be observed
after the discharge circuit is closed. In the first stage, four
situations may arise as a result of the flow of discharge current.

1. Meltinc - the encrgy conducted is insufficient for
vaporizing the wire.

2. Slow explosion - the time required for the evaporation
of the wire is much groatier thon the time necessary for the
develeopment of instabilities in the melted wire.

3. Rapid explosion - the time required for evaporaticn of the
wire iz small in cumparizcn with the time required for the devclop-
ment of instubtility.

L. Explocive ablation - the time required for evaporation
is small in comparison with the time required for the penetration of
a temperature, equal to the boiling point, to a depth amounting to
1/e of the radius of the wire. The development of an explosion in
this cituation is determined by.the vaporization of the wire from
the surface.

The first stage ends with the conversion of the wire into a
non-corducting state. After thic the second stage begins - a
pausc in currcnt. The ptuse in current lasts until the density of
the gaéo in the channel which has expanded after the explosion drops
so much that it is possible for the gas to break down under the
influ:nce of the veltare romainine on the condenser. The last or
third ctage bering - dicchurge alone the ras channol.,

11 ig poesible thot conditions moy exist in which either

the pocorl nr o dhe third o oan beo b af Sfone ntoecs eilher ree atoent




or are poorly pronounced. For example, if the condenser energies
are evfficient only for vaporization of the wire, the current
disappears after the end of the first stage and does not appear
again. In the casc of tungsten wires there is a poorly pronounced
pause in current - current only somewhat decreases after the ex-
plosion of the wire and then increases - and the third stage of the.
process begins.

The explcsion of wires in water is qualitatively similar to
the explosiorn of wires in air. The only difference is in the
guantitative characteristics of the stages. 1In the case of explo-
sion of wires in water all stages, in particular, the pause in .
current starc, are significantly extended in time. This phenomenon
is due to the great inertia of water, hindering the expansion of
the wire in the first stage, and, in particular, the expansion of
the gas channel in the second and third stages.

Fig. 2.23 shows oscillozrams of the current and voltage on
electrodes in the cese of a discharge initiated by a copper wire
0.05 mn in diameter and 4 cm in length, in water (a) and in air
(b). The condenser capacitance is 2 .f, the voltage is 6.7 ky.

In the figure it is obvious that the pause between the current
pulse, vaporizing the wire (1) and the pulse arising auring the
breakdovn of the vapor(2), is significantly greater in the case of =
discharge in water, than in the case of discharge in air. The
duration of the pause in current increases with an increase in the
diameter and length of wire. The duration of the pause in current
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Figure 2.23. Ouscillosrems of current and voltage in the case
of a diceharze initinted with o copper wire.




depends on the material of the wire. In the case of tungstcn wires
the pause in current either is absent entirely or poorly pronounced.
Therefore, thin tungsten wires are most suited for initiating
discharges in water. With the aid of tungsten wires it is possible
to initiate discharges with a working voltage of several kilovolts
having a grezt channel length and a small lag in its formation
relative to the moment of switching on the voltage.

The possibility of initiating discharges with wires of a
material, ilhec reaction of which with the oxygen, formed as a
recult of the dissociation of water, has a great thermal effect,
ts of intcrest., Such materials are aluminum, zirconium and
beryllium. The therm=l effect of exothermal rcactions is capable
of increasings the mechanical werk performed ty the channel
significantly.

As an illustration ve chall cite experimental data obtained in
the case of initiating a digcharge in water with ar aluminum wire
0.4 mm in dizmeter and 10 cm ir: length. The condenser capacitance
is 12 yf, the voltage 10 kv, and the inductance of the discharge
circuit around 3 uil. The dimensions of the wire were chosen so
that almost all the energy of the condenser was expended in vaporiz-
ing the metal. According to oscillograms of the current and
voltage on the electrodes, shovm in Fig. 2.24, it 1s possible to find
that the vaporization of the wire takes place approximately after
18 y=ec, and around 420 J is consumed in this process, which
amounts to 7C7% of the energy of the condenser.

It is possible to estimate the acoustic cnergy, emitted by the
discharge, according to the amplitudes of the compression pulse,
emitted in the direction perpendicular to the axis of the channel,
(an oscillopram of thin pulse for a distance of 100 em from the
chiminel ic chown in Fie. 2.25 ). For this we shall make use of
fortenta 5.00, u:in; n Gausstar. curve with 1, = 0.7t, wherc 1 1s the
duration of ire compression pulne, uppruximaiely cqual to 18 wscce,
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37




P,= 16 atm, ¢ = 10 cm, r = 100 cm, we find W, = 100 J, which
amounts to around 25% of the electrical energy released in the
channel. Measurements of the pulsation period of the bubble formed
by this discharge gave a value of around 16 msec. If we use
formula {2.6) for determining the pulsation energy, in spite of the
fact that the length of ihe channel in the given case is great in
comparison with the radius, it so happens that this energy is
approximately equal to 300 J, or 70% of the electrical energy
released in the channel. At the same time, in the case of dis-
charges initiated by high voltage breakdown, the acoustic energy
amounts to 15 - 2074, and the pulsation cnergy 25-30% of the

energy released in the channel.

Let us examine the characteristics of the method of initiating
low voltage discharges in poorly ccnducting water, based on the use
of a preliminary high voltage breakdown of the electrode gap.

This method is knovm in high voltage enginccering as the combination
of voltage and current pulse generators. The difficulty of using..
this method for initiating a discharge in water comes down to the
fact that switching on a voltage pulse generator should cause the
breakdovn of two parallel electrode gaps - one in water, the other
in air. The breakdown of the air gap should cause the current
pulse generator to be connected to the electrode gap in the water.
However, the lag in the breakdown of the electrode gap in water

" ' significantly cxceeds the lag in the breakdown in the air gap.
Therefore, it is necessary to use switching schemes which are not
sensitive to this differcnce in breakdown lags.

Fig. 2.26 shows a scheme which makes it possible to obtain the
high voltage breakdown of an electrode gap in water with the sub-
sequcent connection of a low voltage condenser. This scheme
opernies in the following way. At the moment of the breakdown of
electrode gap 1 under the influence of the voltiage of the voltage
pulse gencrator (C1) their appears a sharp rise in the discharge
current, which couses the appearance of a voltare surge at the
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cernected to the voli:n ~ pulse generator circult. The voltage
surge is used for igrniting the discharger 4, connecting the low
volizge condrrLer C2 to the discharge circuit. The choke 3 with

the moment when the voltage pulse generator is switched on, when
corond discharge current appears in the discharge circuit.
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Pigure 2.24. Oscillograms of current and voltage in the
case of a discharge in water initiated with an aluminum
wire. .

Figure 2.25. Oscillograms of the compression pulse
emitted by a digschoarge with th. elecirical characieristics
shovn in Fig. 2.24, Perprndicular directicn, distance

100 cm.

saturable core hinders the appearance of a voltage surge at

We shall now turn to an examination of the principle of the

initiation of low voltasc discharges in highly conducting liquids.
As was mentioned, this principle is based on the use of the break-
dowvn of an elcctrode ¢ap along the gas bubble formed detween the
elcctrodes bty a preliminory corona discharge on a third électrode
inserted into the elecirode gap [5].

Let us find the mmount of cnergy cf the condenscr feeding

the coron» discharse. T the lenzth of the electrode gap is
equnl to g, then the rwlius R of the bubtle, formed Ly the corono
digeb-roe, musl reach o value of 1/2 at Lhe moment Ll when the

"povwer” condernser in switehed on.  Since iU is convenient te pAunt




dischargers in n solid holder, we shall consider the motion of the
initiating bubble alon; o hard wall., In this case it has the form
of a hemisphere, and its potential energy at the moment of reaching
its maximun radius RL is connecled with the energy of the condenser

E, fceding the corona, by ithe relwtionship

2 4
- all B E.
K] b". 'lll (2.7)

wkere po is the hydro:ztatic pressures oy is the ratio of the

enerey of L cubble Lo the eneriy of the condenser. As was
mentioned in Soetion 3, this vulue reaches 6% if tne water has a

salinity of scveral porcent.
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Pigure 2.27. Depr-.rdence of
bubble radius on tine.
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The pulsation poricd of a sas bubble b for the case of a

dicoharys in free cpiec is determined by the relationship {see
Ch-pter L)

Too LAY (g B, m-s o,

(2.8)

If Lo dineicge=e L beg ploee alongr oo colid wall, then r = 2
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For a rough estimate the law of the expauzion of a bubdble in
water muy be approximated with the formula

- —

T YRS
) (2.9)
where t is within the limitc from 0 to 1b/2.

By using this formula we find the amount of condenser energy
E, necescary for feeding a corona discharge capable of creating
bubtler of radius R at the moment of time t1 '

za/"".'-.{'?li (2.10)
E-- ‘/ LY
4 'b"‘

The m2thod of initiatirg discharges under ceonsidevation is
1ittle sonzitive to hydrestatlce pressure, since the tutble radius a2t the
initial stoge of growth is very slightly dependent on the amount
of hydror<-tic preucure if the precsure in the discharge channel,
creatin the budtl, is gront In comparison with the hydrostatic
pressure (geoc Chapter 4).

In order to compencate for the reduction bdbubble radius with
hydroctatic pressure it is necessary to increase insignificantly
the encrgy of the condenser feedings the corona discharge.

As &n examplc, Fig. 2.27 shows hovw the relationship k(t)
changes for a bubtle, formed by an explosion, in the case of
increasin: Py from 1 - 40 atm (curves 1 and 2).

In the figure it is obvious that if t, < tb/Z. where 1, is the

pulsation period vicre py = 40 atm, “hen R(tl) actually decreases
little in the cocce of an increase in precsurce from 1 - 40 atm.

Chad
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CHAPTER 3

PROPERTIES OF THE MATTER
IN A DISCHARGE CHANNEL

1. Introduction

The processes in a discharge channel and the propertles of
the maiter in i1 are examined in this chupter. Experimental data
on tho clectriecnl charncteristics of a discharge - the currents
and voltages in the diccharge depth and its resistance - represented
for typlcal cases, making it possible to determine the conditicns
of ¢nerzy releass: in the channel, that is, the characteristic
tine :nd cneryy scales of the phenomenon. Basically, this mono-
grapn deals with disch=rres in which energies of several kilojoules
are relcased for times of tens of microseconds, which corresponds
to 4 power of hundreds of megawatts, arnd orly fragmentary experi-
mentul datez cr discrargoe, correspornding to other energy conditions

b

1

arc preserted, althouzh the theoretical irnformation given, within
the framevork of certzin limitations, is applicable to a wider

¢clasc of cases.

Experimental data on the expansion of the discharge channél.
obtained with the aid of high speed photography are described.
Thece data mauke it poscible to determine the rate of expansion of
the channel, usually corresponding to 10“ - 105 cm/sec, and, by
using the hydrodynamic relationchips in Chaiter 4, to f£ind the
pressurc in the discharge channel. In order of magnitude the
preesure in the channel lies within the range from several hundreds
to a thousund atmocpheres.

Frnowing the umount of resictance of the discharge gap and
the rodius of the channel, it is possible to estimate, considering
the erinrnel to te urniform and ignoring the influrnce of the arcas
near the eleclrodoen, the conductance of the gas in the discharce
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We note that given certain assumptions, it is possible to

‘estimate the temperature of the gas, according to its conductance

at a certain pressure; the values thus obtained agree, as is shown
below, with the recult of other experimental studies and theore-

tical estimates of temperature. These estimates show that the

. temperaturc of the channel is on the order of 20,000 °k.

Information on the propcrties of the matter, occurring as a
low tempuruture dense plasmu at the pressures and temperatures
found in the channel of an underwater electrical discharge, is
presentcd. '

Wc¢ present estimates of the relaxation times in the plasma,
which prove to be smnll in compariscn with the typical time scales
of the phenomenon, which signifies that the plasma may be con-
sidered to be ineguilibrium, This makes it possible to calculate the
compositicn of the plssma ard its thermodyramic charzcteristics,
in particular, the proper energy of a unit vclume.

Also, we prescnt formulus for the kinetic coefficients of the
plasma - the coefficient of electric conductance and thermal
diffusivity . also considering and comparing different mechanisms of
thermal conductivity - gas kinetic, electron, and radiant. Convec-
tive heat -transfer is not considered, although it, possitly, plays
a substantial role. The coefficients of thermal conductlvities in the
colder layers of vapor and water surrounding the plasma of the |
channel are estimated, which makes it possible to estimate the
energy going to heat these layers.

The information and estimates presented arc used for drawing
up an equttion for the eneryy balance in the discharge process.

2. Elcctrienl characteristies of a discharge.

In Lhis sceiion we shatll consider the electrical characteris-
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time dependences of the discharge current and voltage in the
channel, the time dependences of the resistance of the channel, and
the power and energy released in the channel, that is, those
characterictics which may be found by electrical measurements. We
shall examine thc clectrical properties of the plasma in the
channe) - its conductance - after prcsenting information on the
expansion of the channel.

According to the resulls of oscillography of the discharge
current and voltage in an electrode gap it is found that the
resistancce of the clectrode gap as 2 rule, is quite great at the
moment of formation of a channel, if, of course, the appropriate
rethod cf iritiation is used. In the case of high voltage discharges
with a werking volirge of several tens of kilovolts this recistance
is on the order of 102 okm for electrode gaps 5 - 10 cm in length.
Por low voltage dizcharges with a working voltage of several
kilovolts ani an elcctrode gep several centimeters long, the resis-
tunze of tre grnp o the moment of fornation of a channel amounts to
a2roun? 10 om. Aficr the formation of a chanrel its resistance
drops sharply, reacking a minimum approximately at the moment of
maximum currcnt, and then increases when the current approaches 0.
The resistance of the channel drops, in the first place, due to the
increase in the tomperature of the plasma, heated by the discharge
current, and in the second place due to the increase in the cross
sectional area of the channel, expanding under the action of the
excess pressure in the channel. At the end of the discharge, or at
the end of euch hulf period, if the discharge is oscillatory, the
resistance of the channel increases as a consequence of the cooling

of the placsma, althcugn the cross section of the channel continues
to incrence.

The behivior of the resictance of the charnnel during the course
of a dicaliorre iz dotermined by many factors: the inductance of

Lthe dischrre eirenit, the capneitance of the condenser, the
srount of irivind voltesze, the lengih of the cleetrode gap, and the
fargboct e ST oot ottty o e 2leamed. The eonneclion




between the resistunce and the ahove—mentioned factors is complex.
We shall illustrate it with specific examples.

Pirst of all we note that accérding to the nature of the
current flow, discharges may be aperiodic, if the direction of cur-
rent does not change in the process of the discharge, and periodic,
if current oscillation is observed. This brings up the concept of
eritical discharge, which is understood as meaning the limiting
aperiodic discharge, which turns into a periodic discharge with &
further reduc¢tion in circuit resistance. The effective resistance
for a critical discharge is equal tco the wave resistance: Ref =

/1/C.

We shall begin our examination with relatively low powver
high voltage discharges. Tabtle 3.1 presents the values of the
vorking vocltage u, condenser capacitance C, discharge circuit
inductance and length of the gap & between a positive high voltage
electrcde in the form of the end of a type E#-~3 cable with the
outer insulation and braiding removed, and a grounded rod placed
parallel to the cable.

TABLE 3.1 . .

Number of
Discharge u, kv C, f L, uH L, cm
o { I .
1 | 20 04 | 3 | 4.5
3 L) by '’ [
3 - 1} 04 55 ; 4.5
4 x .09 a ! 2

Figurc 2.10 shows occillograms of current and voltage for
discharges Nos 1 and 2 (Table 3.1). The oscillograms show that the
voltage on the elecirodes after they are switched on drop slowly
during the breakdown lag, corresponding to the growth of the
leaders. At the moment when the clectrode gap is closed by one of
the leaders the voltape in ihe gap decreases sharply. This sudden

ehonTe Tootwe Lo Lo wet o diveap e the dnduttonce of {ho clrcult
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arising duc to the sharp incrcase in discharee current.

Later the voltage drops to O aperlodicully. The behavior of the
channel resistance, found as the ratio of the voltage of the channel
to the discharge current at the corresponding moments of time, is
shovn in Fig. 2.11. At{ the stuge of lender growth, the resistance
of the electrode gap is approximately equal to 102 ohm. After
brcakdown the resistance drops to several ohms, and at the end of
the discharge a rise in resistance !s observed. In the case of

suck high ch-onnel resistances it is pocsitle to ignore correction
for the inductance of the channel.

¥ith an increase in condenser capacitanée. the resistance of
the chirnnel drope to lewer values. However, thié does not change
the nature of the discharge - it remains close to critical. This
mcane that reduction of the mean chonnel resistance with respect
to time takcs place approximately inversely proportional to the
gau=re roo* of the cap2citance. Thes duration of *he current
pvlee, i€ other parcmoters of tne circuit remain invariant, in-
crenzes propnrtionezl to the square root of the capacitance and
approximately equals a value of =/ IC, if the discharge remains
in a close to critical mode.
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FPigure 3.1. Time dependence of the energy (1) and power (2)
for diczharge No. 1, Table 3.1.

Figure 3.2. Osciliorsrams of discharze current (1) and
voltzrse (2) for a discharge No. 3, Table 3.1.
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Figure 3.3. Dependence of channel resistance on time.
Discharze No. 3, Table 3.1.

Figure 3.4. Time dependenzec of energy (1) and power (2)
for discharge No. 3, Table 3.1.

Curves of the power and energy, released in the channel for
discharge Ho. 1 (Table 3.1), arc depicted in Fig. 3.1.

The influence of irductance on the bthavior of a2 discharge
may bhe determined according to *ths oséillograms in Fiz. 3.2, taken
for discharge INo. 3 (Tuble 3.1). An increase in L does not caus
a chunge in the breaxdeown lag, since the drop in inductance vcliage
in the process of discharge initiation is small. The time depend-
ance of the channel resistance for this case is shown in Pig. 3.2.
Two factors stand out: the channel resistance drops in the
discharge process less in the case of low inductances, and passes
through a maximum at moments of 0 values of the discharge current.
As is seen in Fig. 3.4, the introduction of energy into the channel
is slowed with an increase in inductance and the electrical power
drops.

There is a practically complete transfer of energy from the
condenser into the chunnel in all cases considered, since the
resistunce of the channel gignificantly exceeds the resistance of
the rest of the diccharge circuit.

t

Lo dlgoh e o be converted into o damped osceillation curve

ot only by dnereczing the inducionze of the discharyre circuit, but




also by shortening the lensth of the electrode gap, as occurs in
the case of discharge No. & (Tuble 3.1). The oscillograms in

Pig. 3.5 show that the duration of discharge No. 4 significantly
increases in comparison with discharge No. 2; as a result, the

ratec at which crersy is introduced intc the channel on the whole
slows down. According to the behavior of the resistance of the
charnel (Fig. 3.2),1il is possible to assume that in stages corres-
ponding to minirum power, it is possible that cooling of the plasma
takes place. Sometimes this effect leads to cessation of the dis-
charge [1]. '

Let us now corncgider the role of the,amount of initial voltage
using the exaznple of scveral discharges with a constant condenser
enersy, approximatcly equal to 45 J. Their parameters are given
in Table 3.2. )

Fig. 3.7 riowe cezillograms of the discherge current in voltieoge
for trose dicceler

TAELL 3.2

Number of
Discharge u, kv C, uf L, wH " ¢, cm
. ‘ i |
1 52 I 0,023 3 L)
2 x | 0. 3 s
3 21.3 | 0.2 3 3.5
4 15 0.4 3 1.2
5 10 ',m9 3 0.5

“ith a risc in the initial condenser voltage, the number of
leader: increases. Az a result, the leader current increases and
the drop in cervicnzer voltage durins the breakdevn lag become more
noticesble. The encrzy left for feedins the channel decreases, and
the sihunting of the chrnmel by strenmer currents in the discharge
process @lso seln i thic direction.
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Figure 3.5. Oscillosrams of discharge current (1) and
voltage (2) for discrarge No. 4, Table 3.1.

Figure 3.6. Dependcrice of channel resistance on time
for discharge No. &, Table 3.1.

¥ith a decrease in voltage the breakdown lag increases and
becomes unstable. Oscillograms showing how greatly the breakdown
lag may vary from discharge to discharge in the case of low voltages
are given in Fig. 3.7, e and 3.7, f for discharge No. 5 (Table
3.2). In order to provide for the breakdown of the electrode gap
it is necessary to decreuzse its length. The channel resistance
thus is reduced, and the discharge is transformed into an oscilla-

tory mode.

We shall now consider the electrical characteristics of more
powerful dischurges, the parameters of which are given in Table 3.3.

TABIE 3.3
Humber of
bBisehtrooe u, kY C, nf L, vl 1, cm E, J -
1 6 158 1.5 6 2840
2 6 165 0.1 3 2970

0
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These dischafgcs were initiuted with the explosion of tungsten
wires 0.04 mm in diamcter. PFips. 3.8 and 3.9 show the electrical
characteristics of discharges No. 1 and 2 (Table 3.3), respectively.
In the figures it is zeen that Lhe resistunce of the channel
drops at the moment of maximum current to approximately 0.08 and
0.05 ohm, respectively. A certoin rise in resistance is observed
toward the eiid of the discharge.

The durition of the first discharge is close to the value
» /17, and in the gecond dischavge it sirnificantly cxceeds this
vala. o Evidoenlly, the duration of the sorond dischirce could 1o
shortened without conversion into zn escillutor mede by decrcasing
the len~th of the charnr!'., In Tact, the cri<ical reeistonce
Rc = /7, corrcespording to tne muximur rate of introduction ¢f
energy, for the first aischarge i~ o1 ohm, wrpich ic close to the
minimum resiutance of ihe cnannel 0.C8 ohr, while for the second
discerge 10 1z 0.72 ohr, whnich i sippifli-cntily bzlow the minimum
resisiunse o7 tie chorr:t 0005 onr. Thuz, the sececond dis-aarge
is conirolled t, the cficetive resistiance ¢f the channel to a
siguificant delice,

The mest powerful discharges were investigated by Komel'kov
et. al., [27. These discharges procceded in a damped oscillation
mode with scverial hnlf -prriods. The length of the clectrode gap
was 12 - 15 mm. The electrodes were made in the form of opposed
coaxii:l brass rode, poinied at un angle of 25 - 30°. The paramcters
of the dischirpen investirated, and also }he values of the maximum
current I, moxinum rate of current rise I,,» voltage ail the mument
of muximum evrrent and duration of the firct half period /2 are
civen in Tokle 3.5,
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Figure 3.7. Qzzillosrans of discharre currante (curves 1)
and velizses (cu.vez 2) for discharger No. 1-5, Table 3.2,

TAELE 3.4

Number of . . uIm.
Discherge u, ky G uf I, ka Im,n/sec kv 1/2, vsec
1 40 ' 2.7 132 l a6 o ' 1.3 13
2 P ai . @ 2.4 e 3.2 8.8
2 4] & .5 e 5.5 1
4 JO Hl 0 1,95 (o G.5 11
5 0 L (1) 2.4 pm 2.3 11.5
6 mn l a0 'y .55 @M 15.5

Fizs. 3.10 'nd 3.11 show oncillograms of the discharge current
and voltoese in the eleirade gap for discherses No. 1 and 4 (Table
3.4). ¥or pow;r“ul uis fvurqe: the corrcction for the inductive

voli Fo compor v (1 2 10‘ afcoe) is nigniflcunt. Evidentily, due
the “reob el trols syt en Lhe dicchar~es inves iraled by Komel'lov,
ot. al., PO e o slonaticant seabbare ing of vialucs of the broakdown
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Figore 3.8. Electrical charac-
teristics of discharge No. 1,
Tatle 3.3.

Fi;ure 3.9. Eiectrical charac-
teristics of discharge No. 2,
Taic 3.3.

Pirare 3.10. Oscillograms of
diccharge current and veliage
for discharge Noo 1, Tutle 3.4,

lag of from scveral tenths to scverul tens of microcseceornds, and due
to the chort length of the elecirode gap ceveral channels were
formed at once, which then merged into one common channel. The
resistance of the channel at the moncnt of maximum currcnt was
around 0.01 ohu.

At thv beginring of Lhis section we mentioned the complex
dependerce of the c¢lectriend characteristics of a discharge on the
paramciers of the disecharge circuit. However, for estimates it i
poniible Lo une simple relatlonchips, eivine: the true order of
moynileae of Lhe toeoie ocelricnl velues, characlerizingg the din-
chorea,  Letusily, 1Y Lhe discharse procreds in a clove to criticnl

e cde (0 et s et e o) by i most Smportent in practicn)




respects), then the duration of the discharge t proves to be close
to the value =« 4Zi and the minimum resistance of the channel Rm'
is close to the critical resistance of the circuit 2 /L/C.
Measurements szhow that the minimum resistance also may be estimated
in the following way: it is approximatcly cqual to the ratio of
half the initial voltage to the maximum current, which in turn may
be found from the relationship Cu-vlmr/z. From these relationships
the value R_ proves io be approximately equal to the value 1/4C.

Il is eagy T tecons convinced that 211 the experirmsntal values are
in rocd zzrecrent with the values found according to this formula.
The meximun powoY developed ducrin:s a digerurie s determincd ;y
the value Cu /1, and the maxinum transconductance is i~ kCu/Td.
The valurs cniuulnted cccordings to theve relationships also zre in
gocd 2greciin® with caperimentol valust, and the discharse mais, ns
stipulates, 1o ciose to eritic: 1. If ihe lenzih of the chennel is
too great, then all relationshins presented above give correct
velues, ifF - ig Xrow Cver oexpovireni. I the discharge proceeds
In a mede Ity indicoilaisef cenillation, then the value of <

Oscillo;raphy of the discharge current and voltage in discharge
channels with different parameters of the discharge circuit shows
that electrical dlsenarges in water may take place only in a dampes
oscillutior mode if the mean channel resistance with respect to
time is lecn than YL/C, or in 2 mode, similar to a eriticzl mode,
characterized by spproximntely symmetricnl curves of current and
povwer relalive to the raxirum value. 7There is ne close to
apericdic discharse mede with a characteristic ezxponential Grop
in current #ni volt~~: in the c= of dinchnrges completed ty the
formetion ¢f &« ch-rrel. Sueh 3 mode may cccur only in the cage of
diseh=rees uneomplietied by the formation of a channcl, which can be
centrolled Ly Lir ballant recisbtence of Lhe water to 2 significant

derrec, The sYusened of a2 diseksrce wole ¢lone to aperiodic ]

.

coraccted with the urigus Lehnvier of Lie resistaee of the dischar: e
chornel in Lo dlselnren process - by tro pasurse Lhroush a minimun.

”n ~ . .
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Firsure 3.11. Oscillorrans of
discrarge current and veltace
for discharge ho. &, Table 3.4.

Fijure 3.12. Diagram of an

. . 0/t approxiration of the pover
’ curve,
ol
4 =/ o4 Firure 3.153. Dependence of
LJ! rated encrer on time, Curve
(J

- L.°, 1 correspurds to formuls J.13

& & 66 K s Curve 2 - to formula 3.2.

: ams . The parameters of the discharges
are given in Table 3.5. The
numters on the figure designate
thc order numbers of the dis-
charges in the table.

power on time 1ls representcd by a curve of nearly triangular shape
(Fir. 3.12), as is seen in Figs. 3.8 and 3.9. This lcads to the
idea that in the crne of rouph calculstions the law of energy re-
leage for all diccharges in a mode close to eritical may bve
upprozimiled with one relationship. In fact, if we introduce the
dimensionless variable x - t/; and £(x) - E(x)/E, where 1 is the
diccharge durztion deteormined aceording to Fig. 3.12 and E iz
the tolnl energy relesged in Lthe ehennel, it proves to b the case
th~t the thus noreslized funcljon £(x), charscierizing the mole of

creriy pelensco, oot nuite geijyerecs) retneas T o varies 1ittla fean
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TARLE 3.5

r/LC Cu2/2, According
u,kV  C,uf f,enn L,uH t,user /sec E,J J Ryscm to data ir
, reference

. ' . X
1] t2 $6 | mni . [ - o 590 1,00
2| 46 RLT SR Y T 1 20 5 s 412 "84
3| 1.6 o LN [ Y 18 40 12 0,85
4 }15 e 7,5 . ‘a0 .- - 169 0 6,50 120}
5| 4 H TR R X Ky 70 0 | 1,98 |
¢ |¢ 1 b 1.5 o a7 2240 s | 1o12s
7] ¢ §s "6 1,5 % 47 2 2| 0%
$16 | LI 7 1,5 s 47 @T' e 11,24
v ]e6 150 4] 1,6 1 47 250 Unds 1.43
fo 6 1Hwo o 3 0,1 3 1 2itn il v, 59
11 {4 2,7 1.5 — 15 ’?“' R ", 66 14l
12 |40 5,4 1,5 — - 9 ’J’:) 4 o0 047 12}
t O B 58 1.5 ", - 4 L :nz'._'.'. v,29 118}
1 kL .0 2,0 an 5.3 5 = 2% " 45
15 13 o, an a0 - 3 1"": l§" {"2‘,‘ .
1w 1w ", i‘-' 10 [ 4 L 15 0,406 |
' } \ s i A

.

GTrodeys 4o Hlmabewmse wtth o glentfeant variation of the dischar-o
leen stated, #1:-. 3.13
enerry for five different

rapruoetes,  In ennTieonidon of whnt h

Py

shows the (lre depoerdences 07 the rate
diszhar-oz, The purancters of Lthore discharees are riven in Table
3.5. The purbhers veoed helow to refer Lo each discﬁnrﬁe zre riven
In th~ Plrss eolurs:, and In Y sceend, third, and fourth columns--
the Initi=l nreccure of the eondensor, 1ts capacltarce and the

leneth of the digehr ree pFap, respeetively.

The roush vidus a® the inductunes, estimnted accordines to the
Faracctoers of the alcceharee aireult, 10 iven iIn the Fifth columm.
Digahoe e depattenn ol the Lot sl cnercy released in a discharre,
enloulated cengreitn - to nleeteiacl oneillorears, are shoewn in the
slzth end o tehth etoene . Phe characteristie vadius of the dischar-e
Chrroed b teoe Taed cabement i etven in Lhe tenth eolumn, and
Bl le et g 0 e o thane dineharecs, the infornation on

rhioh wnr bt e e P erstupe ) e elted In the eloventh

-yl -




Graphs of simple functions, approximating the actual dependence
of the ratcd enerry on time, are represented in Fip. 3.13 by the
solid curves.

Curve 1 1s a graph of the function

2 0<s< 4
f(z) = |4z -2 — ¢ -—;—<z<i :
1 1<s (3.1)

Curve 2 is a erraph of the function

32 0<::<:1}
3
h=3r— g 20— 2 L<ist
i 1<z (3.2)

The function f](x) corrcsponds to an approximation of the power
of an lsorceder triarle of ualt area, a projection of the vertex cf
which nnln the buyse Jivides 1t acenrdin- to the ratio 1 @ 3.

As 1s seen In ¥Wi:. 3.13, the difference in the experimental
curves corrcrponds approximately to the difference of the curves of
f{x) and fl(x). Comparing the results of a numerical calculation of
the hydrodyunric charaetoristics, obtained with the use of f£({x) and
£1(x), 1t 1: possitlc to determine the derree to which the theoretical
curve accuritely approrimates the real law of encrpgy release. Such
a comparicon will be made in Chapter VI,

Scetton 3. Yzpansfon of the Channel
After the conplet ion of Lhe process of inltiating a discharre In
a liauid thers appesen o channel £111ed with partially ionlzed ras.
The Inltia) Torn of Lt channel 45 deter:ined by the process of initla-
f.irm,  In the eane of the Inftint ton of dincharyges by the hich woltaee

brealidown o8 o Tinuia, the Initial form of Lthe channel 1z determined

- ',"'-
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by the form of the leader closinr, the elcctrode pap. In this case,
geometrically regular charnels practically never appear. /
A channel usually has small scale and larpe scale distortions. . i
Fig. 2.2 shows photorraphs of channels, taken by the self-exposure

method. The initlial) channel diameter is on the order of 10"2 cm.

In the case of low voltare discharpes, the Initlal form of the
chinnel is dotermined by the yns bubbles formed on both electrodes,
if they are symmetrical, or by one ras bubble on the high voltare
elcetrade, 17 the construction of the discharrer is asymetrlizal,

In this czoey tn convroast o hijh volta-e breakdoun, the initlal
dlarctor ond lensth of Lhe ehannel are clese in value. Only in the
cass of intviatine discharces with wire brideses, by breakdown alon:,

g ros bubbi. orzed by a preliminary corona discharrce in the conduc-
tin 1liguia, aud by hreskdown by parallel electrodes, a deseription
of which iz ,iven in Scetion U, may scometrically regular chan-

nels b obtolhuoar in the flrs case--1n the foprs of g risght evlinder

3u0, in the cecond anda third cases--in the form

[
4]

of & henizphore, sinee In these ecares dischzarses usually are produccd

O oo ricia reflentas i o uwhicen the A
diareter of the chaniucl in the case of initiation with wircs is deter-

sehaver in nountced.  The initial

mined by the dlawveter of the wire, in the second case, by the dlameter

of the initiatinys bubble, and in the third--by the width of the inter-

eleectrode clenrunce.

The preosure Iin the channel rises and the channel expands because
of the Intrnnive heating of the plasma by the discharge current. 1In
the proecess of expanction the channel boundary may be considered to be
impenctrable Tor the liquid. This does not mean that it 1s possible
to irnore cviporetion of the liquld in examining the processes inside
the chanoel.

Howevery nrainct the back-round of ranid hydrodynamie oxpansion

thee disnlar ot o Lhe bhound-=ry dios ‘o evanoration ic inoirnificont.
Too et W bt conpyove Whe volween aof Che evenoeatinge Pilagutd and

ihe chnnved o The ey e Yoneed tn thee ebheinnel basienlly o apent

-
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in dissociatini® water molecules and heatiny pas (see Section 5,
Chapter 3). Then, 1t D 15 the dissoclatlion enerpy for one molecule,
the energy described by the following formula 1s required for the
dissociation of the molecules In a mass m of water and for heating
the rmonatomie j-as formaed:

= No(D+ 3 #7), (3.3)

where p i3 ths meleenlar velsht of water and "0 §s the avorzadro
nunbe; .

Assumine that all the enerpy released in the channel groes to
forn heared iomna, we fingd

m = EgiN, (1) + -}'kr) . N

16" &, we fird m = 1677 .
vint ey evanporeted in thls case equnls

-
3 - R, 4 oY
tavin- tban 08 107 ¢,

]

Comrmnons 10 tie volur e of

-1
10 nﬂ3. vrile ¢he unlire of th~ channel of such a discharce amounts
tc several culiic centimcters.

Judgeinis by the plow of the discharpe, the plasma fills the
chann:*1l quite uniformly in the procezs of exnansion. Photorraohing
the channel throu~h a slit perperidicular to the axis of the channel
with a high svoeed pholorraphic rocorder arulnst a background of
intensive 1llusination shows tnat the plaswea separat.cs from the
channel w2lls only at the end of the discherrpe. Fips. 3.18 and
3.1 show phot osraphs of channels taken usainst a buckpround of a
flash bult naa rooinst a baekrround of a sccond discharre  1dentical
1o the on inveotivated,  The interlaverine of cold jus between the
Turireececant nluasa and the whtor during (he entire discharsse 1s not
secn In the phedcriphs,. TG beeores neticenble after the end of
the diagehyree s ior Lagse plaesa te ~innine with the perinhery of Lhe
chisirres b enolr v, Ao thls ctoce prenn of lower luninnsity and,
Crvengent 1y 0 e Yo geratare alno Irnide the chnnel
.o L. AT e e - I IR IR '_r-'r'v!""zf un i fareton o f

L R A IFT I
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overall greater luminosity.

P ows of cold ras from the channcl walls may be the causc of
the appearance of nonuniformity. Such flows may arise due to the
instability of the transition layer betwcen hot plasma and water, .
It is difficult to take account of this factor in calculations.
Therefore, in choosing a discharyec model below we shall consider

the nlasma to be uniform.

e - e omememn e

Tne shape of the chunnel at the end of the discharre and its
diamcter with a «oiven lenmth of the electrode szp are determined
by the duration of the discharrse and the amcunt of enerpy Introduced
v 3 into the channel. The lomrer the discharpe and the more energy
introluc.d, the rrezter 1s the redius of the channel and the
closer the ultimate fcrm of the chunnel is te a sphere, even i1l the
init1a) form of the channel was close to eylindrical. If the
Inttinl fore of the channnl had srherical symmetry, the ultinate
fort, navurally, retalns this symrctry. The dependence o the
charncicoristic ehannal radius RO cn the discharse duration v and on
the amount of en~r:sy introduced into the channel E may be found
approximately from the following considerations.

If RO is the characiceristic radius of the channel,
reached over time T, then the rate of expansion of the channel R
in order of marnivude is U = Ry/1. Then, in apgreement with the
~ results of Chapter L, the pressurc of the liquid on the walls of
the ezpanding channel at subsonic and near-sonic speeds of its

"
(o]

expansion is estimated by the fornula P ~ p,R3/12.

Yurther, the intrinsiec eneryyy of a unit volume of plasma in a
dischariye channcl, as 1s shown in Scction 4 of this chapter,is
deterwined by the Tormula P/(y — 1), wvhere the cffectlve adiabatie cxpo--

nent, v = 1.2 Tor dlschiriees in water,
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Fir. 3.1%5. Photorram of the expanszion of a discharge channel,
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Fir. 3.15. Photo;sram of the expansion of a discharge chzannel.

Then for dischirges, the shape of whose channzl 1is
close to spherical, the intrinsic enerry of the plasma in the dis-

charge channel 1s determined by the formula PV}(T-i)a-}xR’.p.(n:lt’)/(r—i).

In order of magnitnde this encrey s equal to the total energy E
released in the channel at the end of the discharme. Hence, the
radius of {he channel at the end cf the discharge

3
n;:[(ﬂ/'mo.) (r— 1)f’E] s " (3.5)

For a cylindrical channcd *the intrinsic enerry of the plasma

-

] lpy (1,0 (r — 1) = E.
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R, ~["-°" - "]’ (3.6)

Ty 1
We note that formulas (3.5) and (3.6) will be obtailned more ri-
gorously in Chapter 5 in a calculation of hydrodynamic models of ‘
discharres.

By using fornmulas (3.5) and (3.6) it is possible to estimate
the charactoristie rate of cxpansion of a chunnel and the order of
magnitude of the pressure In a discharse channel if the energy
E prelcased ¥In the discharvie channel and the tine of its release
T are known. TFor example, for the discharces, the parameters of
which ars riven irn Table 3.5, the characteristic rates of expansicn
of the chaznnel prwwc to be 1in asrecemont with the experimental data
on the order of 1" ew/see., and the pressure in the channel--on
the order of fronm scveral hundreds to a thousand atmospheres.

An exverirentsi dnvestiscation of the expanzion of the channsls
of hirh voltase discparres with a chennel length of 5-16 em show
that the ratio of Lha rad’us of the channel %o its lensth at the

end of the dischur~e remains less than unity 1if the duration of

the discharge docs not exceed several tens of microseconds, and

the enerry releuscd in a unit lenpth of the channel 1s several
kiloJoules. This is in gocd agrecment with the estimates obtained
accordins to formula (3.6). The rate of expansion of the channels
of such discharyes is practically invariable along the channel.
However, i the lenmth of the channel 1is short, then substantial
changes in the ra‘c of exrvunsion of the channel along its axis are
observed.  Fig. 3.16 shows o' photoprraph of a channel at the end of
a discharre of 150 yuf capacitance with a voltare of 6kV. The

lengsth of the initisting wire (naterial--tuacsten, diameter 0.04 wum)
is around 3 em.  She induetnpcee of the discharpe ceircult is avproxi-
rately causl o 001 pH, T the photnsraph it Is obvious that the
seeticens of sqe chnnne? penr the eleetrodes expanded nore Intenaely,
Tmpart. o o0 doankt 0 ahinne to the elinnuel, A possihle cause of

this phleimeogon v bhe Lhe preforential rotenne of enetryy in the

. .
L . .. . . . e e PR et R
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¥+ 3.75,  Pholoyraph o a dischurie channel.

e

As a rcuult vhe picture 1o the sane as if there were two clocely

situat..d vaiut A aohar-og

The time dencndonee o the radius of the channel in the
dischar-e prasrcns tn 3 firgs approxiration

ma s linear, as is seern,

iy

for exurnle, iy ‘hn phatorresa Mec, 7 ard 19, shown in Fics., 3.17

and 3.79.

Section 4. Conditions ol flas Eaullibrium
In the Discharge Channel

The rapid rclease of enerpgy in the channel of an electrical
dischar;c in a liquid lends to intense heating of the matter in the
chanrcl and to evanoration of the liquid from the chzannel walls.

The nurber of particles in the channel during the discharee
Tne newly evaporatinge mnoleculen of 1iquid are
» #nd are lonized.  As a resull there 1z fopned
In the dicenar o ohqm

mel a dense low tennernture nlacma, the toernern-

heuted, dicroeie:.

ture o whieh =0 the crnorlpental and theoretieal rezults proscented

bodew (oo Copni b, 7Y ohysr, eoupposyands Lo the rorton of the firat

i ifit—= 5000559 1Y 0 g e vartizle eanc ntreg-
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(the flow of current usually lasts 107 -—]0'" sec.), 1t is neces-
sary to concider the question of the pas equilibrium in- the

channel, in other words, Lo determine whether an equilibrium expan-
ion of eneryy according to derrees of freedomsueceeds in beins estab-
1lished. A detailed examination of the relaxation processes 1n

gases is given in reference [ 3]. We shall make, following referencze [ 3]
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Fir. 3.18. Photcrram of the expansion of discharge channel No. 10,
an estimite of the tinmes reaguired for the establishment of a Maxwel-
lian distributtlon 1in an electron ras, in a gas of atoms and of lons,
and also of the relaxation times of the processes of discociation

A1l wpurcrical estimates will be made relative to

viater,

and ionization.
disclhueen In the

The: tivie requlred for the estoblishrent of a Maxwell distribu-
charactertzins the estab-
s deternmined by the time

tion of ¢lectrons wocovdine- o the sneede

-
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In

it viebure in an electran

ran

the enipee of wyhteh the Kingetle enersy of an eleetron, as the

pocull o Oaplesd dntervaction with oty Slectrans 1o chanred by
oot A0 Ll el o e yany Binetice enerity of the electron,
a ' O g i e e i ene. o2 3% ‘e T 10 et e
: » : : : L ) L b .




T T 1 | (3.1

where ng is the number of eleetrons in one cublce centimeter, and
the so-called "Coulonbh lo-urtthn" Is expressed by the formula

e
,,,A,,,"__i(i’”)_“ 2 In0,62. m'(: ) ) (3.8)

2(hn)" e
For the caze 7' & 06 000® X characterisvie of electricnl dis-
¢ .
ehar-ony o ® 1107 =3 and L i0-1° sec., that 1s, a Maxwell
i rlbatl oo L s Te e In e chunnel 0f o oeloetrical discharoe

R . 4

Is vntablinh ) very raclialy 1o cortarison with the duraticn of the

o]
dloniwvre, T 4y rpecerenry Yo onote that rermula (2,7) used below
has also the cxpressilors deceriuine colllsions between chazrie

d pur-
ticles,tr su”'able oy Topr esticatinge Lhe erders of rasnitodie of
the charactertsties of a densce low temperaturce plasma  formed in
Lo et om0 et el it stneree In o 1inatd
Fhe Lliee veoudeed for ke entoblisheeent of an cauliibriun dicirt-

Lt "m0 nt e o (e Tann; tuay be catirated azeordin s to Yhoe

- S

(3.9)

where nois the nasber of particles In a unlt volu—c,
s STy 5t ) W femvee) (3.10)

10 the my ey vt of therir rmotion, a,. Is the ¢as kinetle
2%

et . -1
et Tpa apese s Van D A o of menitude arountine ta 10707 e,

10 = 0’ =3 e 20,0000 A = 1 (nvieen), v Ne1n” erseoc.
ro- o=t cay thet g e U Thptaee D oovme VL digdeibut ton fnoentnhe
Thobe e 0 T s T e et j cee e with the duent for
O SR .




The equalizat fon of the electron and fon (er pas kinetic)
temperatures takes places much more slowly. As a conscquence of
the shuarp differcence in the masses of the electrons and atoms
(or 1ons) in the c¢ase of elastice Interaction they are replaced by
an enceryey  amountlins to a small vreportional ratio of their masces
or fractlion of the kinctic energy. Therefore, for a sipnificant
exchun:sc of cncristes boetween particles of different mass they nmust
underen st111 pore, on Lhe order of ma/mp, collisions (ma is the

.

mase ol an aton, " T8 Lhie mass of an electroen.

Constd pation o this fuctor, as Ys shoen in [3], leads
to the fellewlns formuly for the §ine requlired for estazblishine
eautlitetus betuoen an elogtron e and & ~ui of henvy parti

nrorr oo Yonuo,

" (3.11)

1 87 nA
TS o
‘T (3.12)

vhere Iy 10 the nunrbker of fons in 1 om?; A 1s the atonic welpht;

Z i1s the Jonle charie; the Coulomh losarlthm 1s determlined by
formuin (3.8)

'] - -, 8,94 -
;: =N,V,3,,2 "',;: = 6'8"0’_}]_' VT: '

(3.13)

vhere r,o 1o the nuber of stons fn 1 UI’Y!39

v, == (SET 'atm, ) = 6,21.10 "/'IT fem/'see]
{314

L (A B A R PR TR I A KATAR B NSRRI in th: nuelear
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oy G tiay et et e ol hiatons a7t s o ctectr g with ot
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Where T = 14,000° K, n, = 1070 cm-3, n, = 4. 10 '3

the relaxatlon tizes ealealated accordine to fermulas (3.]2) and

(3.13) prove to be eaual:  for hydrojen Tag = Teq ~ 10'10 sec.,

for oxyicn Tey ~ 10~9 50C., T~ ]0"8 scec.. llere the nuclear

eleciron-lon scattering eross seection proves to be equal to

o= 1,210 21 A gom13 e,

i
and for the nuceleal geatterin-s crons seetions of an clecton an
ptom: of hydrocen and asy «on the totlauin~ were assured with the

same Vo lues 1, n, P, aceording to the data In [ 4]

Ga > 2.10 em? (r;irogen),
6= 0,4-107%cm*  (oxyzen),

Let us now consldor Lhe glower proccssere of establishine
coult)ibhetie tonie s ton nnl dleosocietione fo te indioited In
L 3], with electrsi. concentratlcns of nore the: 1375 o>, the lernizc
e 0F e free b ceoeand state Calin rlaee btasliclily tearuce
O dnc ot te el alens wiil eleetee n, Tho osuead of tLis Lreo oo
1o el toerlood oy ot gvadaxatlon 1t

where o Is the fonizatlon rate eovctanty n, Is the numher of atons
i
In e’

Sirple censiderations lead to the followins formula for the
rote [3].

!

AT

a«, = G.;'(";‘.: + 2) e e,

whore o = 0 S o e value Gff the ofrfeat Tve croos oot 1oy
1. ?

4
-1 T
the eonarnnt € o VAR v, teothe e the pmnl sreed of on
Cleoet gy e Ty by e gy ('-:,lt'.')' et 1T Lhy toninat Ton
[P T AR . i N
e e K ST N SR ST § PRt F D BT R 1L, 009

__M




.

we obtain: Co * ].3'10-17cm2, Vé ~ 7.7°10

-14 cm3/sec., 1o - 3'10"7 sec.

7 em/sec., ag * 3.3

10

Ve shall now examine how rapidly the dissociation of molecules
evaporat ir.s fros the channel walls  takes place. As will be shown
below, i (ermvepntures of 10“‘ K water molecules are practically com-
pletely dicsoctated  (sce alzo [5,6)).

Re i chowe T [3), the time required for the establishment
of equililyium dissociation (where 1— a<1) In ordeor of n=z-nitudn,

rayv boe o3t al d o erordins o the formuln

= et

L7 B (3.15)

Gieve g om0 Y b e e of Peadoatdan: o n Bon 4n., 1s the
h,”’! o o
. - - . - ’ -~ D 3.0 . H
Cetndl e b oot s deles bnoa ounlt voelurog kr is the rcocrbinauion
SRR (4 T,

Sirnle considnrations [3] lead to the following fornmula for an
approziiais csti=nts of thls constant:

~_ 4t
b8

B

shere V in the rmesn therral specd of an atom, deternlned by formula

(3.10)3 ¢ $a ihe 5 kinctle senttering eross section; r !s a
dlctan-ce o Lhe oraer of Lhe niodeen¥ar dircensiona,

, r -~ ?.6-]0-8 e,

2 -
Yem/Zuen,, 0 - 10 7 em

L]
. . 1. 3 + (|
Thien kP ~ e e faee,

Deowvin b c0ipl thal the preltetnarey decornosition of a wator

raYeen o oy vt o n af Lydes e e vy o, whiten Lheso dianoeiete
Pt e Trotee i bt Te g pee e e w s ent Tonte e e et T




rate constants for these moleculen,

For hydroyoen
pes 1,540 VT cmiree, 6~10Mcm), r=2,5.107 em,

k,c= 9,410 V7" cm®/sec.

Topr oxyoen
v=0,35. 40 }fi cm/sec, o~{0Bemt, r=3.40%cm,
k3,710 YV emsee.

W UT T U Y SR Y e Learines Yyt that close to

conpleie, Por oesnrple 9090 (oo Pellowing section), Masociation is

ranshict nt terr oreiyror o Tonast o goeveral thouound az-roeces, woe
. -3

find, *'nt vhere np o« 10 cr ';Td's 10"a sce, *

Thus It 1s obtained that the rates of the processes cf dissoclin-

~r
o7

lon ool 2entrn Ty Y o210t nt e g Vanwell Adlstrpibetion

REETetoe neee st e sy g vae eagustlontten of the oleotron

and 1o L ouoepntaron, ave close 1n conrariscn wlion the rates ot
withbebo e meston So0 Che el 02y Lleetrienl dlscharce olinoes

atate, which rokes 1t ponstble to consider the plarma in the channcl
to be enailibriad,

Sectic: 5, Corpenition of the Gus In a Discharre Chunnel

The cqullibriue nature of the plasma mudes it possible to calcu-
late 1 crveonition cantly, Firet we shall constder the proceess
of dl. o otavtan, e dirsontat s of wotepr rmeYeeulen mav take
Eluce qecesgpdin s Lo A8 88 el re s, Yo orneple, a water rolocule
.

fipat sy Vel dbegny dnt L Lyetee oy s ozvecrn aleculos whieh dicoosiat.

y
at hi b Coppeepntaee a) o the Aeesrnocitton of the moleeul~ fnto

AT B Y T A L O A S

v b i e e et b e nit e e e Iy ardep o




evaluite the conditions for complete lonization of water molecules.
Namely, we shall conalder the decomposition of waler molecules into
hydroi.:en and oxy;en molecules. The dlssociation eneriy in this
process D o= 2,08 oeV/molecule® ~» 57 keal/mole, the characteristic
temper:ture D/k = 28,800° K. The hydrocsen and oxyren molecules
foricd possess reat. bindin«~ enerplies. For HQD » I 48 ev/molecule =
103 keal/role, D/k = 52,000°K; for 0,D = 5.11 eV/moleccule = 118 kcal/
mole, N/¥ = 59,100°K.

we note alioe, that Lhe enorry roquired for the dissoelatlion
of a2 raleruyle of N0 Inte throo atens s D~ 10 eV/-nlrcule > 235,45

[

4
Keals 2o D/ o 176 ,900°%K,

inothe ense of the decordesition of a vater rolecule accordly»

.

to Lo omehers unaey econcfderatlon, tts dissorinticon 15 deternined

by b ilosocln fon of thio hydrooen and oxveen molccules. Therefore,

weo @ T s Pl ey e300 B,
% ~ .y o~ 3 . LEFPR I SN > " ry 12 4. -t . e
Leouaere e 67 dlagreletion of a sas of dilalorice nolecules rnay
e . A 239 ' R . Pl U U S E - Fad o - b
e e thes conaltor o7 wintnal iy of Yroe cnerpy [1).0 It

1s cravenient to write thc fornmula obtalned fron this condition in-
the for: [5) ..

(3.16)

n

-,
15

where o s — -2
oy nq+2q. 1~ *h maro conceentration of the atomie compenent;
[< o

n,, ti- ftee the pasber of wtons and molecules in d cm3; for hvdroren

.

kel
|'

2
YO Ser Lo ouvoen rq = 1450 ﬁ/cn3; D is the dissociallion

cncro v, hnonn e rernle, Toble 3060 nresents the results of a ealcu-

Tt v the e e oft divgacialion of hydreoren and arxyvren at oa
Lrerccs nit oo m L e A T gecny sa¥enifiennt dissociation takes
BV LT el e et te 4,04 Yo /et

~.

- e mmy
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Place even at temperature:s of T<D/k (see also the calculations
of gas plasma composition, made in [6]).

Table 3.6
e
R 3y
7. °K
DA rteh ek T pE- SR
(hydrogen) | (oxyren)
&0 007 0,077
L YL 0,2 0,200
Giey 0,50 0,6
LY 0,055 0,955
1200, 0.5 0,505

This s conmnneted with the wreat statistical weirht of
the disecociated state, »aflectine the fact that where kT<D
the rolezules wre "frocvured” Ly the impucis of fast particlers,
belam=ins to the fur " 11" of a jaxwel) distribution eccordine
tn gpoeds (sec [3)).

For these reasons the ras proves to be sipgnificantly ionized
at temperatures which are low in comparison with the characteristic
lonization temperature 1/k, wherc I is the lonization potentlal.

In the temperature ranpe we are interested in, when onlv the
first lonizatlon of ators 1s sirnificant, the desree of lonization
is deternined by the Saha formuls in the form (sce [3])

R, yi .--—"
--—“. :sA}T'—T-'l‘ L1 (3.17)

Here n oy ngy n,oare the nurbers of eleetrons, fons,and atoms 1n

Y e ‘;
2am E\*h
A2 (-—':,'—) £= 4,80.101%em 3. deg % +26,0G. $0% cm™3 . ov-"%;
- i
;N :
. . .‘ . 3




.‘.‘1, ::,l are the statistical Jonlce and atomice sumsy; I 1s the ionl-
[

zation votentlial; T is the temperature. PFor oxyren and hydrofen

in the tesmperature pranrce under consideration, the ratio 21/2a is

¢lose to unity, Aciuallv, iu the case of not too high tempneratures
!2,1/33 v opproxlvately equail Lo the ratio of the statistical
wol~hts of the  rround Jenie and atormic states, and these

ratlos ars Y/ fow rvdeoscen o 44 for oxnvoen.  The ienlzation

Datanctat e A B cer and gryrmen glens are close and anproximately

eGrar 1T5.0 oV, Lt prnltz ottt a caleulntton o the corosliicon of
a hydpraccg or o agyvevn vlagens for tyvnleal values of particle concsn-

Lreatdors i tornaae e are presesied in Tabiie 3.7,

“Wahle 3.7

L

7K Pe-em heen tere, |
100 10 SRS I 0,15%.107? .
15000 {0 346G s 0,0%% .

2900 10° §,60- 100 0,138
30000 Ul 8,15.4080 0,547

10 0% .47 J,18.1m7 0,106.40°8
13000 3.10 5,99, 101 0,014

20 600 3.107 2,78-10m 0,08%
300 3.10% 1,4-10% 0,319

.
S o B8 M
q3¥=ZS

8y

- e 43 A s 1
E,

As s ceen “he dersroe o jonieation in the channel of an
eleet rien! Ao yee o Sy watopr, vhen g hedrogou-oxyren
Aichee - Yo o Poroed, usunsldly i s:all but due  to the
hich derstor,be corpeentration of cehnrired particles proves to
veeb Tt ]"’l?i—]l.l]()‘c:-.- 5
Pors v ey wpeet e it of ey iation from an ideal

RN T T I U A, et eV e ey e b . F PN R TR
donteeny e oWt gy wopnrUlele conerr et ton pives.s AL o dlondicod one
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may be considered to be 1deal i1f the cnerpy of the Coulomb inter-
action of adjacent particles 13 small in comparison with their
energy of heat motion, that is, 1t 1s necessary to fulfill the
condition (Ze)p/rotkT, where Z 1s the mean particle charge;

rg ™ n"l/3 is the mcan distance between them; and n i1s the number of

particles In 1 cm3 of ras. This inecualityv mav be rewritten in
the fornm (sece (3)). .
 plt] )
-<2.2'i0. -zT ’ICM .
( ) (3.18)

Tn the pl=sia of dlscharies Tnoa llcuid usually ng ~ Ny ~ 1013-

1019, 7 ~ 216"k, Z = 1, so that condition (3.18) is fulfilled:
1019<1.76'1021. .The eresenc~ of Coulomd interactlon betweon
pavti~les 1oads Lo Lre fact that on the averare zttractin- forees
act bewwaen partdelon, by viptus of the faet that each icn surrounds
145410 with 4 ¢29ud 27 naviirles of the opunstlie éirn. Th 3
artraction influences the state of the gas in two respects (see [3]).
On the one hand, it somewhat rcduces the pressure and enersy of

the gars, in the case of a van der Yaals gas with mutually attrac-
tive particles. On the othcer hand, the presence of attraction

means that an electron possesses a certain binding enerry in an
ionized r2s, so that 1in order to remove 1t from an atom it is
necessary to expend somewhat less work, which also is manifested

in a reduction of the 1onization potential,

The second effect is more percevtible since even a
sall corrccticn for the fonlzatlon potential, entering the exno-
nent , leads Lo a gtenYTicant shift in fonlaation cquilibrium.
¥i‘h the Dobye-Hueckel nethod 1t 1s possible to czlculate the corrcce-
tioun ©roe e thenaddyr arte Tanetions of the fonlzed sas, st tou-

bt b Sl Coplorn Intrnet tog,

-

. m——— - -




As 13 shown in (3}, for a sinrly lonized pgas the correction
for pressure '

2 ./

5.3
‘T (nl) : .

and the corrcction for the loniration polential Is expressed by

the formula

However, wo shall use this calculatios only In the case of
very slirht nonideality of a ras, when the Debye radius is lari-e
in eomparisnn with the ncan distanece betweon partlcies, which 1is

exproeased by “he conditina [3]

L AT 2 JRY
ne (02N 000y | LoV eme,
( i) \z ) om (3.19)

Hence, 1t follows where T - 20,000° K for the applicability
of the Debye-liueckel theory it is necessary that the particle concen-
tration be nuch less than 1018 3, whkile 1n a plasma discharre
the charsed particle conceniration reaches 1018—--10]9 cm'3, which
makes this apprsach unacceptable. It 1s possible only to say thut
the vzlues of the deprec of fonization of a hydroren (or oxysrer)

plasua, riven in 'Pable 3.7, are somewhat understated due to the

cin

fact that th. rrductinigs in the faiization potential was not considered,

This factor, nhowever, 1s not sirnificant for the hydrodynamic theory
of & digehnyr~, develoyad Iater, in view of the fact thut the contri-

buiicr of iloni cticn «uor -y Lo Lo cnerey of o unii volume of placka
In pey)t -ibly crel? ) o owe shall now see, 2nd therefore errors in

influence o colenldnt icy,

o
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Part of the atoms and ions are in an excited state, and
their number n; is determined by the Boltzman n fermula

..:I'." E./L'.O-‘P("' luc /kr)' (3.20)

where r; and r, are the statistical weights of the ground and
exciitcd atcmic levels, :

The tota) nunmber of particles in a unit volume of plasma

n=n, + ny +n, = n, + ?“c’ since in the case of singfle lonl:rtion
Ly . .

ng =n.. The intrinslc enerysy of a unit volume of a plasma forred
in th~ case of a discharse in weteor is comnnsed of the kinetie

encrer of the translaticonal rmotlon o particles "k = 3/2 (na + 2ne)kT,
. n

the cvaporatlion enc W = ) che

| ap lon enerry %,u.p 3 bevap’ yh;re Devap = 0.045 ev/

reles = 1,08 “eni/iiole 1s the evaeosratlon encrov ¢ a wator rolocule;
Dd ’
the ¢’es-nlantion »nerey KO Tl PR Dd 1s the dissoclation enerry

equal to 1lCeV/iiolecule; the ionizution energy wo= nel, where I 1s

the ionization potential equal to 13.6 eV for hydrogen and oxyren;

v "2 . > 2% 41 14 ' . r ) ]
the atonic excitation enerpy Woxe ™ naIexc’ the fonic excitatiocn
- e ¥ E#re -
ener;y ¥ exe T nir exe

W Wy 4w, + Vg Ve ‘*‘u':uc'

(3.21)

The ma-nitude of the diffoerent terns of this sum in relation to
tempornturs fo chown in Fie. 3.19 for a pressure of p = 500 atmn.
Hepeli 21 3unll, eneitat ton enerisy values uare not shown on the rraph.

As Is coong the encr-ry o a2 unlt volune of nlasma basfcally is com-

poced f the L aslst o) purtic) matfon enerry and the diccociation

ey, Cher Jouniton ion cnercy oecvides an tncienificant correcation,
Phee s tbet T A0 the e aindnes teros s nesYiethly o small.,
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pendence of the cnerry density of a plasma on tempera-

i oprrotics the Intrinsic enerry of a unit volum: of

pater plasma in Lhe z2rea of temneratures corresponéing to the first

ioniration ¢ wyoms nuy be caoleuliated acorrding o the Torsulan

3 s
W=z ) "I»T‘l'n"'i“'*‘nr’l (3.22)

1. _

where n = n_+ rn_ irs

"

¥ tolal sunter of particles in a unit volume;

1

i

: €
D, is the moiccule

T,
iissoriation enerity; I is the donization energy.
For an ideal ras the intrinsic enersy of.a unit volurme is

exnreasced by the formula
W= i
T-1"' (3.23)
vhere y = cp/c = 1,66 for a monntomic gas.

In the cnse of 2 plasmy this ratio proves to be variable,
thodih its variatierz in the pregsure and tempercture rancses
of lnterest to us are sn2ll, which makes 1% possible as usually is
dorrm [3), to trnirciuce & certain effective constant. Y, approximatine
the roul value of this guantity., The mean value of ¥ in the range of

nresrgre froe 500 g I8N0 qom. and Lemperatures Crom 15,000 to

sy e g Lalton oo this oftecvive yoo These yvalues are ;tiven
inTabe UL Mne o vlue of v, oan is seen in Table 3.8, prove to

Voo s niee s e LY i e 3 000 M sy i 2Teo will be used below.




Jt i3 Intercstine to note thul where y = 1,26 the enerpy of a unit
volune of plasma exceeds the cenerpy of a unit volurne of a monatonmic
fdeal pas, at the same pressure, by mere than three times.

Section 6. hinetic Coefflciénls of the Gas in the
Discharye Channel

Hod o owe ohall o estivave the inelde oot fialonts: the coefficlent
elect e evvpurttvtioy and thoeraal cop et fyity o0 tha plosen An
thee atoeime s ehegerely g 2loa Vhe coefilctents of thoeranl eontdh o
tiviey 4n the transi“ion laver teofween 1o and aater, Wk peslis-

L4

- . ~ ‘e * .. Ve . - et - ren S e ow Y1 YO -
tanse of the nema 1o ¢ue to ke eolllioton of clecieons wilh Jons
ard povyrai o coe, Tie tiaas b yeen thesa enllictons nay b
osL it et o the Porraolas [3):

A A

—_— 6 - e . B
1, ook (3.20)

o (MPX 21

'f‘ (3-?5)

vhere Hys N, are the rurt2rs of ions and atoms in cm3, Z 1s the ionic

char; ¢; Vc & (8kT/nmu)]/3 is the mean thermzl velocity of an elec-
tron; G, Is the ¢lectrun=aton ncnﬁtor!nn eross section. UWe note
that ferealas (3.21%) ond (3.25%) ditfer from formulas (3.12) and
(3.13) cnly by Lhe abrernce of o faetor cqual to the ratlio of Lhe
macers of the «Yeetson aud Lhe aton, considerin: the fact thet a
reeal. nsher o eollicions 1o neccosary for i slepnfieant exchanse of

cnoreios Lotyecsy, these particelon,

bodarenn et iede eodlioionn, enlene
Fote el G e e o len, fop byeiend tenverataren and con-

contyot T af ntaan Sneo disehor s el By Tieentd o Whin paee
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table contalng the values of Lhe ¢ffectlive eross seetions of
Coulomb cotlistons whlch,with the ald of formula (3.24) and
the usunl relwtlonchip

——~ 2,5,

'u
may bo extrensod by the forralae [3)

s, = 1,2.00 0V

l; (30?(')

liaclear aloatyeenter vortLaplngs evane seetions, tuken from
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WO it cry it el e e e Che eane cndoy af et tsde
I the ro-ro ol soncentiret torne and teoneratuses of fntersst te
us, in vy D loeteon o eollisions with lons will take place more
frequer: 1y taun with atorc,

by krnowire the frequeney of colliclions, 1t 15 easy to deter-

mine the «lesipin condurtlvity of the plasma. The general forhula
for corviuct ity vns Lthe forn [8)

ne (3.27)
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wherr v ts the st of Stectrons ia 1 em?; e 1s the electron

chiapiey m 1o the tosn of an cicctrong 1 is Lthe time befween

collivionr of cop et ron w'h Tons one neatrnl atoms,
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collicion of electrons wlih Yong, then Lhe formula for conduc-
tivity 1o somewhnat more precisce than that obtained in the case
of the direct substitutlon of (3.24) into (3.27) (taking account
of elcectron-electron colliclons), obtalned by Spitzer [9) (sce
also [3;), and hos Lhe fopr¥
3 . s
1

s , T'? - . roT -
Nt = 26340 (4) gyt e o= 2,3840% (2) Fr—y sec™t, (3.29)

where 7 fo the pastiole charvog

3
aen
A= T
247) % 2,3

Put i Tea< 1?,, thet 1s, the resistance cf the plasma is due

trocollis ene o witnore el wteons, then the formula for conduc-

"(0‘7'01"’ X "", 1 ;‘3"‘0
(,,..gr)-f “ (3.30)

In the peneral case, as is seen from (3.27) and (3.28), inverse
conductivities are added. )

The dependenen of n on temperature in the case of pressure
of 500 aud 706 atw, 13 shown Irn VPig. 3.20.

fopmenetic £ic1d influonces the kineties of the electrons
i the 'roaueney of eleetron rotatlon In o marnetice fleld w = ell/ne
causls Lhe Troguency of eollinlons 1/1, that 1=, i1 wt 1s approximately
1y In olher wordds, whon og o leectron suceccds ty performingy o stoe-

APl pet A0 e avbiie ddaeln s e Ui hoetyeen colliasions. But if
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the Intlucence of a macsnetice

ficld 1s Inst-nificart.

It is

precisely this case that takes place asuslly in the plasma of

eleatrienl dischrpens In o4 1iguid,

I fact, w = el/me, H = 2I/rc.

h -

[ ~ 3'10'3, r*1cnr, H= 6']030, w = 1011 sce. 1. Accor-
=14

di:y - to the doin fn S'sble 3,9, 1 = 10 1

1077,

Whe e
cec,, conscquently,

Wl =

Cho At pes of oo r'1eld 210 1s mniurested In

marnetie

o Perrecc e o skt Tuver, Lo o denth O pepouratton of a

. . . [ * e
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~ ! (3.33)
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The conductivity of the plasma in a discharge channel
usunlly amount: Lo 101“ uec'lc Ther the ratlo of the thickness
of the skin luyer to a channel radius, cequal in order of mapnitude
to 1 cu, 1is

B~ =2 g g,
) |]l|‘

.

‘he skin ¢ffect at the
TR 11}, that (Lo rasnetlc

.
PR . . Coee o - T T O L S ? -
sanmc Vi alont ot ny s o neentioed In |0

Yo opete that the posoibi?ity of !liroring

3
pressure Is g1l tn compartcon with the eas dynatnle pressurve 1n
the c¢lanrel,

T Tuet, oinee oot nifteant port of the enelsy  relearcd
ot cteoana Y Ty the fern oaf daevle hent enen to incieease the
intetroiy e ol Lhe sy, and the denslity of the Intrinsd

encesv iy oordor of raeattude 18 cqual to the ras dynamic pressure,

L L
9 (R4 y at l(;' '
henca,
r___ &
e 3.32
LT (3.32)

and therefore 14 1s possible to 1:rnore the influence of magnetle
pressure when the influcnce of the skin effect is notl significant.

Actually, a dircet estimate of the amount of marnetic prossure

eives the Tollouing:

o
P~ g ”""g@:-
P ] e 1 81036 ana ~ 2.0
whepee T B0 ](() T oeny, U 8'10 ¢, and - 2.0 atm., which

aetuntly in ounll in comparison with the ras dynamie pressure,
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equisl to 103zu4m

The enerey transafer in electrical discharsye chiannels is
perforicd by atone (or fons), eleetrons, and photons, These
processes are ehracterlued precpectlively by the coeffielents

of ,cur Dnetle, electror, and radint thepmal conduectivities [3, 101

Wb 3 -"‘ l“ l.‘.p'.'.-.
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Lhe g o l0le ey tivee Sonotant voluray oo Yhet oce o ts s
!

o i ety o u e ey o s the punier T e
sleloo Lol el R 1oothe nuziens ogenliering eroos scetion of
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.
- 2.4.03.40°8 ' oreinec.em.
%o = £.4,03.10 Zinatreree-em aac . (3.35)

where 2 1s the fon charises InA is the Coulonbt losarithmy £(7) 1s
a functon  wenlkly dernd-ident on 73 2(1) = 0,953 £(0) = 1.5;
e(h) - 2.1,

, ) e o 116573,
(3.35)
. . . . -5 o) h
whereo Zo 1s ihe rassclond 11:ht pothy o = 5,67-10 “ere/en’ sscesdot —

1o the Stephan Loltznnr., eonztoant.

[t ia noceransary Lo cophagteo (hat the padiation trancfer 15

of the ol o thege ol et Uity in thee ence whepre Lthe sndlne-

tien o vy dero vy at ek peint o elone Lo equttibeing Mo
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strall In corparicson with the dlmensions of the heated area. The
path lenpth 1 expressed by the formula [3)

- 0,0.100. 25 47T
nZ. (3.36)

vhore n is Lhe nunbor of atoms in 1l cm3; T 15 the 1onization poten-
Linl of the atenmsy 4 = 1,

T the puth 1o ot L Iu canuale or 1s vreater than the direnslons

f the hondox proay the radiation 1s nonequillibrium and freoly

veases fro o the entlire veluwie of the hieated area.

As 1r pooen Sn> poth Jensth 1T, strensly depends on terverature,
. . do . U .
Rhere 0= 1.5107° K, n = 10 eni’ in hydrocen or oxyeen (I = 13.6 V)
] . -
1 =1 ¢, and where o= 20100, g o= 1090, Zc ~ 1071 en.
The ehriracteristlic ehaael dlameter 1s usually around 1 em,
sine> Lhoe waochanlon of vudinat tharseal conduetivity :ray act in a dils-

charye channel,

Let us compare the coefficlents of thermal conductivity result-

ing, from these threc mechanisrzs. Where T = 20°103°'K, n = 1020 crf3

in hydrorcn, » 1.5-105 erg/emesec dep, xe] ® 5}105 ery/em-sec.

ik
de;, "o~ 2,1;-]08 crp/emssecedep, Thermal'conductivity leads to
equalizatlan of the temperature inside the channel. This process,

as 1s known, (sce [31), is choracterized by the spatial scale

S~ 2, indleatii: Lhe diaucter of the area heated after the
Lime I the cootficlent o therual diffusivity.

Tn s the eoctfielont o thermal diffusivity is approxi-

»
1

et day eyt the cosafrietont of diitfusion of Lthe atoms




where 2, 15 the Jemsth of the free path of an atom; V 1s its
mean thernal veloelty,

Strilerly, the coefficient of electron thermal diffu-
sivity »ay be cestiyated accordinge to the forauln

100::'%".;“ (3-38)

pheen v 8 e o fpeyre ]l voloedty of an electrony 10 e the

e

.
teso vy ot v e path,

g 3 .
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The o el ot ol radiant thernnl diffusivivy Xe is

7-. o -_"L.'.'c 'r".‘ .

iy (3.39)

As 1 uron | In con*rost to the econfficlent of therral dirffue-
sivicy I ocnceg, whiers mnlooules are the aner.y carrier, the coef-
ficient. of radiant thermal diffusivity is not simply equal

to the cocfficlent of radlation aiffusion lc %, but contairs
another factor equal to the ratio of the heat capacitles of a unit
volune of radtatlon and matter, The cause of the appearance of
thls factor is the fact that in the rtven case radiatlon plays

the role of the carrtfer of cnerry from such sections of the pas

to the others, thus causinge heatingt (or cooling) of the matter

(3).

e shall now becsent, the values of the coefficlents of
thermal diffusivity and the scales of the heated area for
typlienl covditionn inon dlaeharee chonmel: T = 20,000° K,

A0 -3 ) \ . =h
o= 10 cr. y nosueine thet Lhe dischoree duration is 10 s0¢,

f ey L TN 2 00Y Pav hudype oy wes haves




p < ficmisee, 6,. 2 0:.10"%em,
Tor = 2,0 10cm®s0c, &, =10'cm,
% = 100 cm?/sec, 8 =2em.

As 15 seen, redisat thoernel conductivity provides for rapld

sy ar

cqualization of the {evperrsure innide *he channel, whiceh makes
+

It porsinle Lo conaider the plnara of the channel to be unifor:

in on avproxinaie exnodneston off the dlachare,

Chee Tatopeoe i Bengton o eae tn fhe channl 18 sennrated fron

tha o ry the tenporature ibn

urennndin g owoor Byon teanel ton lay
whilch Qreng Srov nevesni Lens o thoussnds Lo severnl hundred
doesroes, PDlanseiailion o oowly cvenopated molecules Lakes placco

coth truageietor laver. Tho ras An the trancitlion laver lo oy lue

ir 1 !

tively c¢old ani ihercerore ls trunsparent for radlatlon, and the
rojoense 0f Hont S o onalics plooe dne Lo thermal cenductdvity fron
the nore hootod centrad rewen of Yhe channel.  Tn o addition, tossihor

hanisw of heat conductlvity, a
with the transfor of discoclatlon
encrry by rinolecules, ac¢ts in the transition layer. Atoms whilch
come into the cold layer:s rocombine, relcasine dissociation enecrey,
and thz moleculegs which strike layers of hirgher temperature disso-
clate, thus abnorblng eriersy,

The coefficicnt of therzal conductivity of a diatomic gas,
resulting frown zuch a mechanlsn, is calculated in [5, 12) and

.

approxinately in expressed by the formula

M (x —a%)
TTTTE .

b 1
*o =W ( am ) dybere

dl!"‘" —y s e, (30 n )
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The coat'flclient of dissociatire thermal conductivity has a
maximum at the temperature where half of the molecules are
dissoclated, Tta value in the arca of the maximum exceeds the
value of {he coeffliclent of pas kinetic heat conductivity by
several tines.,

For cxanrle, in hydroren 7 ~ 7,000° K, p = 500 atn.,

20, .-3

ne= 510 » Whore n 1s the total nurber of partieles in

i
1 cm3. ‘d = 7-10“ cre/emesecedar, ~ ]0' er~/crmenec.dn .,

rk

. .a K] o .y . ?0 -3 N 5
In oxyienn W' = 6,000 K, p = 50C aim, n = £°10 em Y, u

a= 1.6:10

. b
erc/enesoctdn LI 3:197 ert/ermesee A -, In water vaonror,

. - 5

acrcorily 0o vo the dute tn [R) , the maxdtoo valus of v ® 3.5-10

The welattonahtn of the acel®tetornts ¢f dlssosir

fus

Ive and -z
Kinsvie wherrzl  eanituetivity becomes eleurer 1€ we besr in nind

-

Lhat the valie of Lhe cociTiciont ¢f ¢lisontative thermal cordu

«©
ot

may be estirazted according to the standard formula » = (1/3)17cvd

ir Cvd is understood as the heat capacity of a unit volume taking

account of the lesses of enerisy in dissoclation. Consequently,

the ratio 'd/”ﬁ ~ cvd/c vherc ¢ and e, are the dissoclative

v? vd

and ras kinctic heat capacity of a unit volume.

wherc

Bearins In mind that cQ = (a”\ s and w ~ D ng»

i), 3

the dependence of r, on termperature 1s determined by fornmula

(5.16), it 15 possible Lo oblaln that xv/n ~ lo-l(D/kTD,) vhere

«
TD 1s the tesperature at which the dorroc of dissoclation 1s

cloza to half,  "ils torperature, o alee ndy was ventioned ehove
(ooes TobYe S00) 0 te wenll An cotnnapeican with /e whilch also enucen

the an UUTedo of dicoociative Ltoerral eavduetivity to exened the
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a

cévffivient ol ~as kinctlc thermal conductivity.

The valuc of the cocefficient of thermal diffuslivity
both In the cune of poe kinetic, and in the case of dissociative ther-
mal  condivetivity, 1is determined by the coeffieient of molzculsar
diffusion (sce forrula (3.7)) andequals 0.4 em?/sec where
P e £,000° E, po= 500 atm, n o= 63070 em™3°

In conclusion lelu uzm constder cven colder layers of the
Aabimapee Y ghe e 1 wnter vonor is nol dissociated,  The coefflefont
of thetual dlrfwsivivy 1n these luyers is less than In the
e feobtod ones, Thun, for exatple, acecordines to the dala in
{13}, th» therisal diftusicity of watcr vopor yx ='O.T~10‘1

[

= 300 nbtn, p = 0.175 ﬁ/cmg,

L]
“e
(O3]
-
O

-]
]
o

o)
e Sooe whorpe

i

¢ e 300 v/ loay whioee To= Y00° ¥, opo= 300 atr, p o= 0.33 «/em

=2 o . . s
X = 0,710 ¢ Jreao Winally, in water, in the teararature ronce
- 2
o= 703 o 2u30 ¥ {ros tenperntuee) ¥ o= 1,8°10 3 en/aee and

cp = u.]8~10“’ cri/esdes.

Scetien 7. Temperature of the Plasria in a Channel.
Encrey Balance Equation

The temperniure of tLhe plasma in a channel usually is deter-
nincd experimeninlly by the optical method. Assuming: that a channel
radiztosr as a Plael body it 1s pessible Lo determine the temperature
of the ratter in it aceordine to Lhe relative intensity of scveral
sections of the luninsus rodiation speetrun. In practice such
poasueenents see performed in the visible part of the section,

‘

te, the resion of water

I

coprerondine Lrancpareney,

s veorpnae oot menformed T [1M-16) showed thet oin Lthe case

OF dtocteeees Ty o Tiautd, Tnowhich several Eilojonles of encysy




are relcasced durlng tens of microseconds, the temperature in
the chuannel 18 in the area of the first ionlzation of atoms
and is approximately 15,000-25,000* K. The radlation spectrum
proves to be Planckian, that 1is, corresponding to the emission
of an absolutely bluck body.

The plasma temperature #lso may be estimated according to
reasurecnents of the clectrical resistance of the channel 1f the
radius of the chunrel and the pressure in 3t are krown. - Actually,
by nowlnes the resistance of a channel and its radius, ir 1s
possible to deteratne the conductlvity, «nd this®value, cccording
to formula (3.29), buslically 1is determined by the tempcorature of
the channel and only slightly-=Josurithnically--depends on the
electron concentravion,

P #roph of the dependence of conductivity on tempeorature 1is

"

shown In Fife 3.00 o1 reveril vaiues ol the preszure In Lhe

-
o

chuanrnale Py usinc Yhis crovh 14 15 easy to scolve the Lnverse

provlom-=fc detzrnine he toraracure of the channel accerding
to its conductivity at a pglven pressure. Estimates of Lhis tyrpe
were performed in [17) and led to results which agree with the
above-mentioned results of optical measurements. . Thus, for
example, for a discharge no. 8 (see Table 3.3), in which 3'1033
ﬁas released in a channel 1 = 7 e¢m in length for 1 = 10—“ sec
the temperzture proved to be approximdtely equal to 15,000° X,

Thanks to the hirh particle density, the bhcated plaors Of
the dischérze chanuncl Is an intensive lipht sou- e, radianting as
an absolutely blaclh body. Tris cirewsitance o ons Lhe possibility
of using clectricul discharien as hich intenslty Yieht vouarea:s

(18, 139].

The auwoun® of coepesy per oeed vy Yaninons e Ao teny ot iy
Gopends cr Sty Tt e 07 b i L [ VRN CTUE B B A
case of Lo pers o 0 0V 1 LENR N0 sy he annieir i Prennt e




discharge No. 8 (see Table 3.5) experimental data and theoretical
estimates (see Section 2, Chapter III) show that the characteris-
tic radius Ro of a channel, the form of which is close to cylindri-
cal, is cqual in order of magnitude to 1 cm. Assuming that the
plasma temperature of a channel Tef =~ 15,000° K and that the mean
radius of the channel is Ro/e, we obtain that the energy of
luninous radiation is

AFrag =25 ( Jh 15Ty P~ 600 9

Yhere Tef = 20,000° K the cnergy of radiaticn is already around
1800 J, However, not all lurinous radiation escapes the channel.
In the case of tempcratures on the order of 15,000° X and hisher
the wave len,-th, corrcsponding to the maximum of a Planck distri-

bution, aceording to the Wien Law is A = A/T ~ 2000 R, 1.e. lies in
ultravioclet rerion of the spectrum, and water stronsly absorbs
lusninous radciztion in this resden. Thus, for example, at 15090 Z

the ccefficient of lisht,_absorption in water is approximately

h - )
10" cn ]. Therefore, only the visible part of the radiation

escapes the channel, and a significant part of the luminous radia-
tion is "trapped."

This pives some basis for ignoring the energy
renoved from the channel by luminous radiation when
calculating; the enerpy balance of a discharge., On the other hand,
the assumption of the trapped nature of the radiation makos it
possible to perform a very rouih estimate of the temperature in
the discharge channel, whileh is, however, of a tentative nature
and which lecads, rather, to a clarification of Lhe quh]itatjvc

picture of the phenomenon,
Actually, il wo asssume that radiation is aboorbed in the

envelone of thoe charny-l snd poes for Lhe evaporation and dissocin-

Ltion of water particicos, Lhen Lhe number ot the partlcles cviaporaf oo

. \||)_‘
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T evmmuih, §

from a unit of eliannel surface for a unit of time is cT:r/D =

1 . }
“zc/DRO’ whero T" . _c Tu {3]; D 1s the dissociation energy

ef RO

oT

of a watcer molccule relative to one atom; RO i1s the characteristic

channel radius. In a discharge plasma (Zc/Re)l/u ~ 1, and there-

fore Tef =~ T, The total nurber of particles transferred fronm

the wator into ihe chann2l 1s

N = sT4sl DR,

d 1s its radiuc; 1 is

the dis~harre duration, UWith the aid of ihis relationship it 1is

vhere S iz *tho surfuace arcea of the channelj R

possible to express the intrinsic enerpy of plasia in & discharge

charne? us o funcellon of Lompesrature

v LT Kri, a1t

W=z = = vor o (3.42)
In order of marnitude the intrinsic eneryy of plasma 1s equal
to the total ener;y E relieased in the channel after the time .
$ k3T

=y S ~&
Hencc

o [f_!;;,;.‘,‘)i;’i';]"’. ‘ (3.43)

.

The surface ares 5 of a discharpe channel may be determined on

the haois of therretical estinages or experimental data; for cylindri-

— PR S ! . .
cnl ot :‘;:!~:(;’, Voo !’.0 -‘¢ (LY—;F)-'—) X }i) ]/'; for spherical dic-
B TR T -'l""t’. S ( B ({:_I—) T;‘H) 15 (00 Soction 3, Chaptrp 1T10).

-t .



T LT — B f L e e e —————— — e e w s - . e e v a—— e ——
- . . - . - - —

Ve shall now give an example of an estimate of channel
temperature according to formula (3.43)., For the above men-
tioned discharge Ne. 8 (see Table 3.5) with 2 = 7 em, E = 3-103
Joules, 1 = 10-" sea, RO =] em, S = 2nZR0 formula (3.43) gives

]
T ~ 1.5-]0‘° K. It is intercsting to note that, as 1s seen
from (3.43) the temwmporature slirhtly depends on the amount of
encergy  and the tine of its rclease. This circumstance‘is in

qualitative arreqsmnont with test resulis,

On the basis «f that which has been said it is possible to
consldoer nperoxinetely that the enersry, releaced in the channel,
basgieculliy soez Lo hout the matter 1n the discharre channel and

to exrana the channel over tho surrounding liouvild,

In =354 lon 140 proves 1o be the eazse that the enercy proing
Lo heat Lhe nmatbter Is conceerirated In the bacically comparatively
uniforciy hrated port ¢f the channel, while the energy stored
in the thin surlc e laroe 1o comboratively small, The armount of
this encrgy AE may be estimated according to the formula AFE ~ w36,
where v 15 the ener+sy of a unit volume; S is the surface area of
the charnel; 8§ ~ 2vXt 1is the thickness of the transition layer.
The value of the cocfficient or thermal diffusivity variles

over the lenrsth of the surface layer.

First let us cxamine the tcmpefature range correspohding to
rmolecular disscciation, that is, T ~ €,000° K. Vhen p = 500 atm,
n = 6-]0?0 the coeflicient. of thermal diffusivity in this

o]
arca is 0.4 en’ /sec (sce the end of the preceding section), and
|

v _ . )
the enerpy of a unit volumc is approxinalely equal to w~ §*=3‘109

ers/em’,  Yhen for discharge NHo, 8 (sce Table 3.5) with the para-

. . oo - . )
reters 1o e, o= -;-l.f)3 ds T = 10 cee we obtain: § = 10 Cr
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‘'he amount. of onuﬁry stored in the colder rejlons of the
surface layer aiso 1s snuall, The corresponding estiﬁates, made
for- the abqyo-munticnud dischurpre with the use of the results
of ‘hr precedine sectfon and infornation on the thermodynamice
prop-rtice of water vapor [13] show that in the temperature
ranse T = 2500° K, § = 5.10 3Cu, AE ~ 10 J; with temperatures

-4

of T = 700° ¥, § = 510 cr:y, AY = 5 JF, Finally, in the heated
1

tures of T ¥ 350° £, § = 7-10‘“ ciny

cyer of water with Lo

”buq 14 1s possible te consider thut the intrincsle ener:y
0f i rsatter tpothe chinnel, taiitug account of the increased
nieteoo oo parctades 5y, 11, is dotoriined hy the erergy af the
plucoo TUATn . i, the onmavyy o donoihy of which, accordin: to
forris (3.23), is w = n/(y—1) where vy = 1.26,

“he werk of exnaacion Aois deter-ined by the exprecaion fpdv
sinee fhe pxransios o8 ‘he chargel s oa resalt of heotine is nec-
1123515 snall in eorparison with the purely hydrodynamie procecs
of c¢rxpansion, and in th*s sense it is possible to consider the .

channel vwall to b Impeneterable,

The equatlion of the balance of enerpgy in the discharge

.

process therefore acquires the forn

d
4TI P = N, (3.44)

where (L) 15 th rote of cnoriy released in Lthe channel, This

equation will 'o cxanined In detail in the followling chapters,
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CHAPTFR IV

IYDRODYNAM1C PROBLEHS
OF THE EXPANSION OF A CAVITY IN A LIQUID

Section 1. Introduction

From the :;:irodvaaste point of view un electiricel dicehnr-
ity be econsidaered as o process of the exransion of a cavity fn
a2 flutd, The hudredvnants charcceteristies of this process d-oeond
on the rrlatic onir velweon theeo spatlal seeties of tre phere rimig

2 lensth of teo dizehiurce oup 1, the ehnrncterizstlce channed

e

W DL nnd thoe choyetapictle wiave lensth vhere 7 4

e o e 2R
N

2
Gne  Jnoconny cticn with this i

L P IO Is e
iskh tno elunnn of oo e

The Tirst ¢f them refcrs o 1the situations where Rd<k s which
means that the rate of cerxpansion of the channel Rolt is small in
compartison with ghc speed of sountd co,and the disturbances in the
dernsity of the “iuld, caused by Lhe cxpansion of the channel, are
Insipnificont. Amenys these, In turn, 1t 1s possible to isolate
threc caces, allaiine for a simple approxinztion of the shape of
the channel and dlctinfuiched by the relationship of the length
of the cischar,e fap I with the remaining spatial scales RO and A.

1r 1= R0<} (i, .3, a), the shape of the channrl, evidently,
is clone Lo cpliopleal, whlch malies 3t possivle Lo use the sinpliest

spherionl nodel i caledution,

PR LTy i 0, b)Y, M ds necrraney to consider the
eatent o Lhe ciooeme b Sy cnteulattacs Lhe hdecdynieste o vaiae s nee e
the din i g atdh e the geonst i point off viewy an b Fogee

' M . oo
v . . -




In this casc a model of a cylinder, short in comparison with the
wave length, is acceplable.

Where Ry€ A< I (¥ig. M1, ¢) it is possible to use a model
of a cylinder lony as compared with the wave length.

The second class Includes modes 1in which Rozk, which
cerreaponds Lo expausion of the channel 2t speeds close to or
exceeding the speed of sound. In this case disturbances in the
density of the fluild caused by the cxpansion of the channel
becoiie infense and it is neeessary to consider the compressibility
of the fluid. Here alsc 1t ie possible to isolute the two simplest
eases, whon = sphericnl model (1<) SIRO), and a cylindrical mrodel

o
(ASERf!Z) zec zeceptable (Fie, 0,1, @ aznd 4.1, e).

In thirs ehapter we shall exanine some aspects of the hyvdro-
dyrarie vroblon of the expansion of cavitles--spherical and cylin-
griznle-irn 1 flutd, with the intention of using the results ch-
tained here later in studying the hydrodynamie phencmena cauvsed

by discharges.

Ve shall be Interested, in particular, in the pressure produced
by a fluild on a cavity expanding in it in relation to the node of
exbansion of the cavity, and also the characteristics of the com-
pression wave radiated by the expanding cavity. In addition,
the problem of the pulsations of a pas filled cavity in a liquid
will he solved.

The motion of the 1iquid here is assumed to be iscentropic,

deseribed by the system of hydrodynanic cquations {1, 2],

TN T ¥ |
g YOV = (4.1)
"':l' Cdivpy -0,




and Lhe equation of state
- ALY —~
p=a) -2 : (4.3)

vher¢ A = 3C01 atm, B = 3000 atu, n = 7 for water,

In cal~ulatingy tlic precssure in a moving liquid 1t is con-
venient to use a relavionship roprecenting 2 generalization of

—
I3 1 E(_,/
"\.\d
a
. r"o
S |
~ ]
] - l O———-
d

®
FPig. 4.1. Dimensionnl scale of the cavity expansion problen.

the Bernoulli equation to the noncsteady-state case and beling the
first interral of the Euler equation (4.1) [1],

A4 .;..v’. ..%:_.=[(l)_—.cnnsl, | (4.4)

where h is the cpeeific enthalpyy v 1s the hydrodvnamic velocity;
9 1u the veloeity potential (v = rrad ¢),

If the crxeens prozsures 1n the liquid causced by the cxpan-
ston of the cavity  ore conraratively smnt1l and  insienificuntly
chne it deneity, then h is wpprosimately p/oo and instead of (4.4)

Wee entain




This reclatliconship nakes is possible to determine the pressure
at a given point under the condition that the flow of the liquid
is known, that is, that the velocity distribution and its variation

with time are given.

We shall iynere the influence of the viscosity of the ligquid,

which 1s not significant for the vroblems examined here,

of Low Rates of Expansion.

Let the»e be a srvherical cavity of radius Rl in a liquid &t
rect, The pressure in the surrocuvnding ligqul
mor.ent t = 0 Lhe sphere begins to expand according to a given law

Y. Let us f£ird  +i. pressure on the suref
ascuine thet She ratce of expension of the spheroe is small, so

that the licuid ray be considerced Lo be incompressitle,

From the continuity egquation where p = pg = const we obtain
the followiny ferrula for the velocity, satisfying the boundary

it

corndition cf equality of veloclities on the surface of the sphere
U= —y- Ity (h.6)
wvhere r is the riadial coordinate,

It je easy *o obiain the velocity poftential distribution of
the liguid =tons whe radius from the formula (4.6)

nn
P m (h.7)

ow suba ot the forraln for the veloelty (H.6) and the

veboosity petens T UL 7y inve Yormatla (B05) and deternininge the

eation 2., The I'roblem ¢f the Expansion of a Sphere in cthe Case

d is Pge At the initial
o




constunt enterinys thls formula from the boundary condition at
infinity, we f£find the pressure distribution in the liquid

it g-20on B
P—Po= 0o TR — py (4.8)

This relationship also may be rewritten in the form
P 1 L4
P=Pe=Po—yzi— =M Gargs
V f X —;-- :[I"‘ (u * 9)

Assming r = R in formula (B,.8), we ottaln a feormula for the
pressures P oon the surface of a snhere expandini accordineg to the
piven law

3
Popy- 0l

Jit . III}/'.
' (4.10)

Ve note that vean v erqore o, distences of r = R the last
term In the rish! rerdren of fopqrila (B.8), resultin~ from the
prescrce o the nonilneie lernoulll term in formula (H.5), proves
to be a value on the sane order of marpnitude as the remalining
terms of this formula with any rates of expansion of the sphere,
however small,

Let us now deal with the conpressibility of the liquid. The
exponsion of Lhe sphere causes a density disturbance, propagating
in the form of a cpherlenl dlverping wave, If the rate of expan-
sion of the splicre is srinll in comparlison with the speed of sound
in the distwbed mediur, ond the density disturbances are small and
concequently, the propaoratlion of Lhe diverpging wave,may be described
by a solution of the linenr acoustices, approxirately satisfyling
the boununry cendition of continuliy of veloelty on the surface of
the cphere (17,

(h,11)

C e am————————

e —




where V = (4/3) nR3 is the velume of the sphere; ¢y is the speed
of sound.

Substituting the formula for the velocity potential in
formula (4.5) we find the pressure in the radiated wave

V) 1, i)

P Pe=Po— 0 " =g n e (4.12)

In the wave zone the sceond term in the rirht member of this
formula is nesligibly small, o that relationship (%.12) turns

into formln

(4.13)

Near tho sphers st distancoes .of r < cOt forrula (4.12) wurns
inte forrmula (4.9) coblalned in approximaticn of an incorpressible

liguid.

The radiated encrgy may be found by.integﬁation of the energy

flow throurh the surface, encompassinpg the sphere

-
= 2 -_(P — ,rn)’
W, = 4nr § L=,

We shall use th2 results obtained for examining the problem
of the expansion of a sphere under the influence of a compressed
fras £111dns 1t

Let a sphere of rudlus Rl be at rest at an initial monment,
and tLhe proessure P] of the ~as in it be greater than the pressure
Po of the surroundineg medium.  Under the action of this pressure
difierence the sphore bosing to cxpand,  Asguning: that in the
crponsion of the vnhere the chiamgre i the state of the gas talies

vl e e T eV i Lhe Pl Tauine conmeetl lon holwoon

f
f




the gas pressure in the ecavily and its radius:

""”l("%‘)"; (4.14)

where y is the adiabotic gas exponent, equal to the ratio
of heat cepaclities with constant pressure and volune,

Substituting formula (4.14) for the pressure into formula
(4,10), we obtain an equation describing the process of the ex-

pansion of the cavity

nit 4 2 b= [Py () = 1ol (4.15)

This 4ifferentinl eanation often Is called the Raylel,h equa-
tion, first used in approximation of an incompressible liquid to
exznine the problen of the cxipansion ond slams'ng of a cavity in
2 1fqguid [3). It mav b2 intersrated ore tirme 4f R 1s taken as an
independ nt variable Instead of +,

Thus, it is possible to obtain the first Integral of equation
(4.15) [4)

= i’: {111 (’—- ;:E:-:)';E‘__l’:—:'(’—%)} (4.16)

This formula also may be obtaincd indirectly from encrgy
conslderations,

The intrinsic cnricy of an ideal gas  filling a voliume V,

.w,.....‘_’_'_f'.‘ (4.17)

vy be ecxpressed anon funstion of thv-rndius of the «avityv R with
e atd oo foroula (i h)

-~ 100
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W =

721 “.‘i"‘m("l';c"')n" (4.18)

We shall take the eneryy of a liquid withaut a bubble as zero.
Then the potential enerry of a cavity of radius R in a liquid,
equal to the work against the forces of external pressure, perforucd
in fornmin;: such a cavity, is

4
A;: l)o-:,’—-ﬂ,r'- (uolg) )

L4

The
expressed by the Follewing formula with the aid of fornula (4.7)

kinetic eneryy of the spreading flow of liquid may be

o~ ” ) .
IVK==§43P~£g—d7=‘3“ﬁJF”a (4,20

It dis poncible 0 write the law of Lhe conservation of

Thon

ener:sy G ovhe process ol bubble expansion in the following way:

D P - ,;_ ap 1 W (R - -f; apdt 4 W () = £, (4.21)

where E is the initial enersy of Lhe bubble.

This cquation which, with the substitution of formuia {(4.18)
into it, coincides with equation (#.16), describes the motion of

a pas f'illed cavity in a liquid.

under siven initial

conditions.

It may be integrated numerically

In the ecace

under consideration, .when the initial ;jas pressure

in the sphere is greater than equilibrium, intercration of equation
(4,16) =hews that inttially the cavity expands, rcecaching dimensions

-reater Lhon equilibrian, and then slams shut, returning to tne
f i 3 3

initinl cinte, aficer whieh the process i repeated in the form of

sueeera e

puloations,

-—




The amplitudc of the pulsations within the framcwork of
the approximation used herc, not considering energy dissipation,
does not decrease.

By analyziny cguation (4.21) 1t 1is possible to obtain a number
of approximate relationships, describing the process of the cavity
pulsation (4].

Durini: Lhe :‘reater part of the pulsation peried, as a con-
sequence of t o recerd reduction Iin pressure in the cavity with
an incrcace in i1 radius, a relative part of the intrinsic ener:y
in the cnernmy bajance equation (4.21) is small and may be ignored.

Fig. 4.2. Dependence of the radius of a pulsating sphere
on time.

Then from (1,21) we obtain the approrximation equation
2o IO |- - p O = B, (4.22)
At the moment of the maximun expansion of the bubble the
rate of notion of its surface becones zero, and thus from formula

(h.22) it 15 possible teo express the maxinum radius throuch the
total pulsation enoriy

‘ Al
e -"l’o”?nnl = I,
(W03




Now excluding £ fror formula (H.‘() with the aid of
relationship (4.23), we obtain the equation

)p,,_?;."'r"‘(”?l"‘:l—-— ). (4,24)

examined by Rayleliprh (see [3]) in studyins the slamming ol a
hollow cavity in a liauid under the action of hydrostatic pressure.

This equatlon ray be inter-rated, which leads to the relation-

ship

:4/]
',/ g —— === -} const.
2po ) // " '

o (4.25)

The integral enterinm in this equation 15 not expressed in
clementary Tuszhionn, althoush 1t may te reduced to the sum of
incounplets e Tun-ilions,

hoesin, B = 0 and R = Roay In the intepral of formula (4.29)
as the linits of interration, we find the time required for the
expansion of a cavity from zero to maxirmum radii. By virtue of
the fact that in the cases of interest to us R, < Rnax® this

time is aprroximately equal to half the pulsation period of the
cavity [4]

By

(] 3fm
=V
(4.26)

hence

Tor2: 8 831800 ( .7'~) :, .27

ot i} e




By using relationship (l.23) it is possible to express the
pulsation pcriod by the amount of total enerpy of the pulsating
bubble [5]

- ps
LR BT PLAS
’ *

.. (4.28)

Sormetires this equation is called the Willls formmla.

Ae 1 seen, the pulsation perlod Inerezses in propertlion to
the eube oot of the urount of {otal pulzsation cneryy and decredses
in pronortinn to the arount of hvdrostatic vrescure to th: 2xponent
5/6. Tt ir necessary, howevor, to note that the foraula is not
arplicablie 17 the puisating bubhle 1s located noer the boundary of
the 1liquid as a consequence of a change In the nature of the ex-

rardling Fioews,

Jrnoring the pressure of the as insiae the cavity, correct
for the preater part of the pulsation perlod, proves te be unaccep-
table in the initial stage of the process of bubble expansion,

This 1s connected with the fact that at the initlial moment the
pulsation eneryy is conccenirated in the form of the intrinsic
enercy of the compressed gas, the pressure of which is the factor
determininr the motion. At this stage it 1s possible, on the other
hand, to irnore the influencc of the external pressure and to omlt,
correspondin~ly, the sccond term in the braces of relaticns (4.16).

The eauation thus obtalined
Py 2 V ", K "Tl
T [(~—,, ) (-

toyather with eauntisn (h,15), in which Iy is assuned to Le omitted,
foore nonwcccr, whiten rabe s 18 pessible to dotermine the oo innm
.

(4.29)

LR A L e N AL I L ane the babhle padiun ot Lthe moment

il

-




of reaching the maximum rate from the condition of R vanishing

y 2 p -l 1-3
,Rn’nnx='-3——9%'r ¥-1  where (-l;‘.'-)‘ '::7,

(4.30)

Further, in the particu]aﬁ case, when vy = 4/3, equation (4.29)
may be inteirated, which ;ives the approximate dependence of the
radius ol the sphere on tine, valid for the initial stage of ex-

ransion when Prpg [4].

5 V 2 v, 44
t=Y2 —-—-—.’-’7-,:_- V}’(H-T} + 1),

fro

(4.31)

where

As 1s scen fron relationships (4.30) and (4.31), in the
initial sta;e of expansion, when the internal pressure 1s the
decisive factor in the process, the rate of expansion, in order of

marnitude, 1s equal to

R~V Pjpe (4.32)

and the tine Ty durings which the radius of the sphere increases

by the order of maynitude of jts initial value, i=s 1, ~ Rl/VF17p0.

Durine this tice the pressure in the bubble decreases by an

anount equal to itns initlal value (Wipg, 4.3).
e shall onow pive a npurerleal exannle for 1llustration,

et 1, = 103 ata, Ei.] = 1 emy, 7= 1,0,

- Py




o e e mn e = e - So————

Then, the maxirum rate of bubble expansion which can be
reached where R = 1.3 Rl’ is approximately 1."-10“ cm/scee; cor-
responding to this the bubble radius reaches a value of 2R1 during

-l
the time 1+ ~ 10 ‘ SCC.

The velocity distribution iIn the 1iquid surroundin~ the sphero
is descerib @ by relauvicnship (4.7), and the pressure distributlion
by forcuta (5.3), which nay be converted into the followins furm

vith vhe ala o forcadias (L,10) and (L,:4):

R, I “lfu-’. _! v [ ____”'_
r—m*‘:'l’u(‘:«"; Pe i 101 ?'}]' (h.33)

vhich o conren®er Pop ety Lhe eonnect 1o betuwes y Lho
proecanre 1o the oL T and the pressuare 2tooa Tlied petnt 1 the
Yiaudd r,

VeseoocWto Do T i o o cheicut 1e’ Lhe rroccure oo - opaltnd
GUOT T e e Tt et P e LYY R ) Giffers el tho
pressure lu the bubble at a piven momrnt of tine not only by the

factor 1/r, but also by an additive term proportional tn pOR‘.

This term, lowering, the pressure ncar the bubble, where the
spesds of the liquid are preat is sorctimes arbitrarily called

the Berpoull? tern,

A veloclily profile is scehematlically represcnted In Firo 4004
and a pro”tle of the pressure in Lthe vicinity of an expandling:

soheye s pepracenied in Pies L5,

Corye ) in Piv, o6 corvesponds Lo the mowent of time when

fh s incide the bubbile st311 ceveeods Lhie hydrost-tic

sy, LhT o e o sl 3 det et L pressure diatritetion
R T L A TR ‘,_33-.~‘ shogy bre ;,“ . U TP Z‘h:”"‘ chanee 1y
ot ooy Che pabbte g b o dint e of several Ry 1o odue Lo
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the influcnce of‘the Borndulli term; at preater distances the
basic causie of the decrease In pressure 1s 1is reduction accord-
ing to the spherical law 1/1r,

Let us now clarify the limits of appllicabllity of the solution
obtained, based on the assumption of the iIncompressibility of the
liquid.

. ok
’/n {
© oy .
’
Y
. l‘ 0
. ol . /-
M 150,

(X}

Fifn. h.3. Reduction of the vressure
ir. a cavity during its expansion,

Fig., .0, Veloclty distribution in
the viecinity of an expanding sphere.

3 »/R

Fig. 1.5, Pressurc distribution in
the vicinity of an ecxpandln;, sphere.

(B ]

Hanely, ve chall now deflne the condition that the chanpes in
Lhre density of Lhe Tlaquld arve small.

Provw the coqunt ton of state of o Tiquid (1.3) we have




For water, for cxample, we therefore obtain that compressibility

may be j;nored in the casec where

An r o : )
- ~ i . (1.35)

Rewviting formula (4.35) with reqsard to relationship (4,.32),
determiniye the ovder of moenitude of the rate of expansicn of the
ecrb Arma
a)! - A -y

Ao s -1
P‘ "‘.,Il»'. —;‘ .:;. [] .
’ (uo 3¢ )

we note (Lot the aorpressihility of a ligquid in the proble:: of the

T SR A PN Nt . . .- P L .. sy e ? Lo
erxprnst oo of G o enIly nay ke trneredt 18 the rate of expancian of

tho anhie A woull o ocoryestoon with Lhe speed of sounsdl In the

Yo . s, D L 3 .« e . . el _— . »
sulntion o the connresaibin’uy, howover, 15 nozoecsary I
e e . . e . ., v qe v ey .. ey 3 T, . - - . . PR

et tear ) he corrosniuh wave  padais ed by the sphere, to whina
| S A A nthe anoe ol low yates of erponsion of the

spher- vhin culeculation may be perforrzd in approximation of lincar

acoustino,

Ve note that icnoring Lhe compressibllity of the liquid in
calevlntin~ the cxpanslon of the sphere and taking account of it
in eal-ulating the radiatiorn are not Inconsistent iIn the riven

cuse,

Iro the cace of low rat o of erxpansion under consideration the
InfYuanee of eernreneibilter has on dnsirsnificant effect on the

tabndon o the cploro,
1L oy be nad Whts e o of padiation is onmall in cou-

el L b e et e e o gt LY mpvendin: flow of 1iguld o

fioe U e T T Gt e een ey Lo oo ider VL T the encr;tr b )oogy e

-t

e e s AR |




equation (4,21).

Consequent.ly, in Lhe riven case the problem of radiation
is subdivided into a calculation of the sphere expansion, which
may be perfoured in an approximation of an inconmpressible liquid,
and a subsequent calculatlion of the radiation of a sphere, expan-
diwn, according to a known law in a compressible mediunm.

The solution of the first problem is described by formula
(L,27)., Subastituring the resulis orf Intecration of equation (4,16)
into for:ala (4,12) 1t 33 possible to find the pressure profile

of the wave radisted by thoe sphore,

Tu praciiczl caleulaticons It is convenlent Lo rewrite formulz

(4.172) with the ald of formulas (4.10) and (4.14) in the form

pren [P (55) = ot ey (1= L],

?t—'—l—--;r—. ’
* . (ll.3/)

| " .

Fig. B,6.- Schematle profile of

the comprecsicon wave radiated

by an c¢xpoending sphoro, .
[

DU

Calculution choews thet a jos ecavity, contulnin: a ras under elevated
prescsure at. the initial rosienty In Lhe proceeaa of ezpnnnsion radluates

a wave consistine of o coaparatively short pressure pulse and a longor
rarefaction putae,  She shape of {he wave ba dopicted sehematicenlly
IRTIE AT I S e preessipee pndoe So endLted ot Lhe Andtial stooe

of e unnnoion process, when Lhe presouwrs: tn Lhe eavity Iz ostin)d

hiteh ey, duei s s coese o Ahat pord o) the pulsation voeriod

e e

e e il b i e




when the pressure in the eavity I lower than the hydrostatic
pressure, the raretaction puise is emitted. W¥When the cavity
slams shul a coupression pulse 1o enltted again, and the plcture

is repeated,

It 1s pocaible Lo rake a simple estinate of the parameters
of the conprecsion pulec., In ihie Initial stare of the expansion

. e Y
precess R o~ H] and R =~ VFy/pn, nccordin tc (6.32). Then

;’. ,4 -~ ;’ ~ )
v/ R}R ?]Pl/ro

pule~y dn vt with (H,13), In oreer of rasnituds 1s equal 4o

pud thorefere the pecsruce I the conpression

p ~ T’.LRI./r' s M thr duraticn of the curreescion puloe
T] nl/ '1/;40.

he v nted vnerow e conmontreptod

’ B [ i o
Al yroery S ova Ty T et o T by b Seedi

15 .
i

Woe =202

which rnaves 1t pessible Lo determine what part of Lhe energy, initli-
ally stored 1n the forn of the potential eneriy of the ras in the
cavily

i) 4 ]
‘V“ 1’-’ -3—!!”"

i

is reroved by fthe corprescion whve

s ])..',_"_

e
of (I.32)

Ao tn o necny Tt enre of ey et of canston B/1, s conpnrod

- 3 P ,," . o . . I . - - me = - - -
Wt e T nae iy the et et e poravad by the wave

T o o e il




Section 3. Expansion of a Cylindrical Cavity 1in a Liquid.

We shall now considerka cylindrical cavity expanding in an C
ideal liquild according to the piven law R(t). The pressure in
the surrounding llquid is Py- We shall assume that the rate of
expancion is smll in comparison with the speed of sound, and,
corresrondinmly, the radius of the cylinder is small in comparison
with tho chavneteristie wove lencth. The liquid is assumed to be
at roat up Lo the berinning of the expansion of the cylindep.
The welneity potontial of the mediuwm which is put irto motion as a
result of the expansion c¢f the cylinder in the case of low rates
ol evparsinn nuy be ohtained by sunmming the potentials of the elernen-
tary ccurces, ench of which, for example, located at a point #',
eroates at o poiut of observation with the ccordinates r, z the

potentizl

: ¥ (- YEEE=E ).
¥ --"—' 4 V P i(:‘-f::',: M (4. 39)
?

where S = 7R is the eross sectional area of the cyllndér. The

neanin~ of the remaininr terms is clear from Fig., 4.7.

The potent ial erecated by a cylinder of length I is erxpressed
by the integsral

[§
+ VATE=77F
R
& $ ET T
Y (4.40)

Pormula (4,.00) nlso nay be used for caleulating the potential

of a ceylinder ol Infinite lenrth.,  For this we set z = 0 and intro-

Do the pow v iahle 1 temyf rﬁkQ}ﬁ/C in ploec of o', Then
0




2w — [c}(? —t)/ '/"_"i‘(‘,“_: 8P ~r ]di.

Passing to the 1limits of intejration from 0 to 1/2, we
rewrite formula (4.40) in the following form:

L, W) Yat—y—r (4.581) ‘
i
!
wherce ‘
H
: amte L pag VORGP i‘
() ) [ 'f
Lettinz 1 ternd to Infinity, we cbtain !
t—— ‘
o ( O
=2 — s s e b."?
M n S Yai-yon ¢ )

whizh cxpetly cofncelidcs with the weld-known formula for the potertial
of an Infin'te cxlinder,

r 4

-0

e 7

L
Fig., 4.7. VYor calculating the poten=- : /
tial! in a cylindrical problen. :}

| emwnsan ﬂ' 5 - —12
-2 o oy

If we 1irit ourselves Lo an examination of the hydrodynanic
valucs in the vicinity of the eylinder, in an area of low valucs of
the ratio r-/cot, Lthen inctead of the relationships writ.ten above
It 1s pounible to use simpler approxiration formulas, obtained by
cxpansion of  exned, .“<‘u'x~'u"l:1:'. vilth sespe.t Lo the small paraneter
r'/\'.ol,.

oo e T e e e e e il of whtelr T onee )

11



as compared to the charaéteristic wave length

Then in the case of thie low rates of expansion under conslidera-
tion here the formula for the potential (4.40) may be simplificd
in the following way. Expanding the integrand into a Taylor serles

with respect to a small phase "advance" v ?+("-z " /6 for suffic-

iently late rmments of time when t>d"12/u+r2 we cbtain
>

——
-2'p

§ (01— LTEEZEE L oy - v LZECER (4.43)

€s

Perforning ter:2 by tevm intepration, we {ind

1 su) el
s R (b ik)

eylinder and passing throush

)
]
or
o]
or
=
3

B I S
ane porpondizuln

In a pl
its cenicr (z = 0)

[}
) Tll/ S TY
= In Fest ey Tkl
._.__.. l/...__!ri e (ll.'l'j)

We shall now examine the two limiting cases of this formula.
Let 1<€<r, so that '

st St
"—6"‘1';"'"’*‘ "l'.-o

=T Z (4.56)
I, on the other hand, rd1l,
- &u) $ine .
o= =S S0 (4.h7)

Sutctitutin: forrmula (U.07) tnio (4,.5) and then assuning

NN I

it e vimestoll st b

L L b s R 2 7 o L A A bt 1 S




r = R, we find the pressurce on the surface of a short (in compari-
con with the wave length) cylinder

$ I IO
,P-'I’-"Po—fz?*l"';r—'?[(’q;a(?;‘- (4.48)

Let us now consider a cylinder of infinite lcngth, Substitutling

cy(t—1)

- 1r formula (4.42) we obtain

cosh 7 =

. Arch
[ .
Q= -HS S (l—- -—cosh:)d;,
[ ] (u.ug)
cot 2cat
Bearin~ in rind that whera r/egt€3Anech —— = 1n and,

In the cascs of intercst to us,S(t) = 0 where t<0, formula (4.49)
ay be rewriiuen in the fornm

‘ o r 0‘ -
i —- St — —childs.
2 I S ( "')c' /"- (14.50)

Expandins the integrand in series and Integrating term by
terr, we obtain

oSy 2t SO

st - (4.51)

In the particular case of the expansion of a cylinder at a
conztant rate from formula (1.51) we obtain the relationship

.,,=_u*uu7fo—‘-+v’:.|-... (4.52)

[ B
Vhence, usin: the pencral connection between pressure and

.

veloclty potentiazl (NI,h), we find .

P Pos: f‘ol”(ln -"[;- - -;'—)_. (h.53)
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T4 is interestinge tonote that within c

the framework of the approximstion under
P gud 8
econsideration (a low rate of expansicn) i o

this formula satisfies the exact simi- 1%
litude cquation of the problem of tle P

expansion of the eylinder at a constant
rate, cited in [6].

Substitutine forruls (1.51) into re- /A
latienzhip (4.5) znd assuninz r = R, we
cain n fornule v Lthe prossure exarte N ’ - 3
obtain n forulas for the pressure exorted ¥ir, L.8, For calcula-
by a nudiur on an exposnding eylinder. ting the radiation of
a cylinder.

SU)] St 1 Af
P Do Po—ig= M=~ == oy Pyl (h.5h)

This forraulz 3s apnlicable it the rate of expansion of a e¢ylin-

der In nol rroos, R/00t<] and its Jencrth is much greater than the
chapssuoriavic v lensth Z>coi.

now o turr: Lo a calenlotion of the acoustice radlatilon
of a cylindricsl cavity cxzpanding in-a liguid., We shall consider
the checrnel to be a set of point sources. Then ageneral expression
for the potential of the field created in the liquid by the expan-
ding c¢ylinder is given by forrmula (4.h0), If we consider the field
cnly at a sufficient distunce from the discharge, in the Fraunhcfer
zone, this fermula, as is known, may be rewritten approximately in

the fori

R A=Y
R - I G -
N
Sk (4.55)

vhor: 1 = p —~¢ccon 0 is {he disf.ance to the point of observation

and i soaninc o ¢ onnd o ds elear from ¥is, 4.8,

drno Lo find the prossors in Lthe rodinted




!
Ky
— P Pe S',‘ 4 d '
p ] 4xr -S‘ \ t.) c ‘VWOSS(E)‘; (u.SG)
]
where

For the dlrestion pervendicular to the axls of the charnel
0=1/2, cos 0 = 0 and fror. the rfirst half of forrula (4.56) we
obtain Jrmediately

4ar e

p-.p,r:-~---.\(l-—--—'—'—). (4.57)

For the casc of a short cvlinder the marximum phase difference Z/co

of ‘he siynais rediated by the ¢ifferent ends of the cylinder is
et l in corparicon with the pulse duration T,Z/c0 <1. This

riake3 1% poscible to oblaln z si-ple approxismztion formula from
(4,56), if we expand the interrand into the series

Y A T L o ) $eos0

.s(t-“)_s(t )+s( q)-———“ +...

After iIntegration, omitting the now superfluous zecro index of
the coordinate, we obtaln

1 Deosh
P“m=%1?¢+max.s+m

(4.58)

Usine (4,58), 1t 1s ecasy to calculate the radlated acoustical
encr,cy, interseaving the flow of cueriy with respee’” to a spherical
reforence curface and with reaopoct Lo tine
l(

R --"“’ V12 sin 04 0.

* (h.%59)

nr . 2

C"“nl:

- -
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In the case of a cylinder long in comparison with the wave
length, the phase difference of the signals emitted by the dlifferent
ends of the cylinder is great and formula (4.58) cannot be applied;
in place of it, i1t 1s necessary to use the exact formula (4.56),
the transverse signal, naturally, belng described by formula (4.57)

as before.

e

The total acoustical energy radiated by a long cylinder
may be calculated according to formula (4.59), in this case using

[ N

the Parseval equation

+u .
S (p— po)dt = -
-y

A ¥ ]

[s(», 0) "' dw, .
(4.60) f

where s(w,0) is the spectrum of the sienal emitted by a discharge
in Lhe direction @ with respect to the channel axis.

cording to the formula

«©

This spectrum may be deternined a

. At
sinno —,

8(w,0) == s () ~ YR . (’4 61)

where At = %5 cos 8, n = %Z s Which represents the signal spectrum

0
of a system of n point sources, arranged at a distance AZ from

one another, If we let Az tend to zero it 1s possible to convert to
a continuous distribution of scurces on the length I. The quantity
s(w) in formula (#.61) 1s the spectrum of an elementary signal,

coinciding, correet to within a constant fuctor, with the spectrum
of the signal, emitted by & channcl in the perpendicular direction

g () =~ —-l-}t— S pJ-(l)c.\p(- iw)de, (L.62)

whevre py = p = p, When 6 = w/2 and at a distance 1 from the
1 0

chunrel,




If we assume, for cxample, that p; (t) has the form of a
rectanrle with the amplitude P al a distance r and with the dura-
tion v, then from formula (4.62) it follows that

2(0) = 2r~~_,l:ig}:_ﬂ-, o (4.63)

Substituting (4.63) into (4.61), after intepration we find

f 1',13 L] .
(o, 0)[*dw - ?
] l‘(”l ” N T s . (ll.GN) :

Turning now to formula (L,59), we find the acoustic enerry radtated
by a cylinder of lenyth l>001 under the conditlon thet the expansion
of the ¢nliider 15 cuch that a rectanrnlar pulse of duration T

and ar.plitude p) at a distunce r trom the channcl 1is radiated in a
diristion nerpawdicular Lo the channe) axls [12]

&1" 7] ! B
‘V = ——?1' l T '“ T " (“.65)
e note that in the case of a rectangular approximation of the sir-
nal, calculation of the radiation may be performed comparatively
simply and by dirccet surnmation of the elementary sirnals emitted

in a glver dircction. )

If we approximate the shape of the emitted compression wave
in the directlion perpendicular to the channel axis by a Gauss curve i
with a constant dccay io, il.c., we assume, that the shape of the !
slrnal st a distance r from the discharge i1s described by the
forrula
P*MﬂP;« )
h.66)

thoar o e lenlat bon Yo s Lo the precoedins leads Lo Lthe follou-

Trn s o b Poe Uy nanopey n radiniions
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Section 4, Influence of Compressibility on the Process
' of the Expansion of a Cavity in a Liquid

We shall now turn to an examlnation of cases where the rate
of expansion of a cavity Iin a liquid ig jreat (RO = \) and the ‘
density disturbances caused by the expansion of the cavity are
sipnificant First we shall consider the case of a spherical

cavity.

It is not pcssﬁ ble to obiain &n exact solution of Lhe problen

)

of th: exnunsion ol a sphericel cavity in a liguid that reduces Lo.

the inteyrution of the hydrodinamic ~suatlons, which foreaez us Lo
4 >

use nunci-ical or approzimaticn methods,

e

Hare 1% vatenr e . ey s P
‘he Niphweooed-l ouhie meunad {=o

4]

«

{5], wnlich ikey develoured in
{

Investipelig; undervater exploslons, is a very effective epproximaticn

Mothod of zolving vhe problerc of sphorical (and eyvlindrical) Tlows.

If instead of the velocity potential o we introduce ¢ = Reg,
then equations (4.1), and (4.2) may be transformed into one equation

of the forn [5] ® . .
‘ .1_.._ R L U v \
7 ™ o [ ) (—JF') - ('To'i') ]‘

(4,68)

where

e(p) == (""-),

Inthe ease of snnll disturbances where it is possible to
irnore quadratic terrs cquation (8,.63) roduces to a wave cquation,
This means that in Lhis ence the values of ¢ arce "shifted" at the

shocd ¢ whegee 0 ¢ (i’(, ) o the speed of sound o in oan andlisturbod




obtaln a solution of equation (H,68) in the form of a translational
wave, Nevertheless, Kirkwood and Bethe assumed that the valuc ¢
in this c¢nse proparates at the speed ¢ = ¢ + v similar to the

way in which fixed values of pressure ond veloclity vroparate in

a plane Kierann wove,

This reans that the v-v -.ri}.n1so propara*ns at the specd
1

¢ . Troeoegantion (ML) U0 foYleows Chat

- -:-’;Z- - b}

[Lod
2" (‘.-69)

vhere2 h 5 the spreitie enthulpy, deterdned by the feliowin:

forrmla iy Lhe cece of Toent ronte Tlows

Thur, teenmd’p Lo the irkivcod=tethe Lhorvy 24 s agsuned

thot *he Cunetion

o »?
Gty —r Gt = r (it ) (4.71)

propa,;taien

at the speed ¢, that is, the following equation 1s valid

0 . a6
48238 o, (8.72)

which 15 the basic equallon of the theory. We enphasize that equo-
tion (L,7¢) does not derlve from the cquations of hydrodynamics;

it iy be considered cinmply as o sucncnnfn].hypothns s, Justified
by th rood arreceont of ftn seintions with Lhe results of nuserical
caleulati-n,  Thic cquation ray be rewrititen In a different form
ernveaiont. Por ealeulatine Lhe prosoure on Lthe surface of an expine-

Airge sphiere dn noeorpressihle figtd 61,

Py ’}s;"l e hnve Reproduced from
) A best available copy.




Substituting formula (M.73) into (4.72) and then elinmina-
ting the partial derivatives with respecet to time and the coor-
dinate with the aid of the relaticenships:

»_ . 4

—— 7S L W -_‘r.
: o IR T
d» dr t dp b ]
. e

2 e . (h.7h)
or dt °

o dp

e B dl P

i from e lons (B01) and (4,0) and fre forruta for the

obtaincd

totair derlrative
d e, v Q
S at. .
ot at TV Ty

" o S X W
"""‘"lc - 20}t "2"‘,’['5”’3— ‘)'” '_;_.! ar 4 e e (5,753
- Moy

On the surface of the sphere r = R, v = U, h = H; considering

alsc thot ¢ = ¢ + v, we obtuin finnlly

AT N2 N WA P

& ¢ P
+H1=7)+ | (.76)

If the law of expansion of the sphere R(t) is known,
equation (h,76) rakes 1t vpeusible Lo determine the value of the
enthal:. on the colnee of the sphere as a Tunction of tirme, and

torcther with it*:23ao Lhe preossare czertoed by a comprecaible riula

en o an o« yarilddn s sphore,

e crramrectioan botyeon preereeo and oeplhalpy 1ooetprenced Ly
poope e de Tl e P Lo e T ot atate (03 anu Lhie
gttt ey o ° ot “,\ (';.'/;))’




- A v cae e
- . e e e e —— AR

p A [i -2 -:'.. 11]"—:7 -1,

(4.77)

Relatjonchtps (M,.7C) and (W,.77) mav be considered as a generalil-
zatien of formuta (W,10), applicatle for an inconpressibie fluid.

Ac ey Lo seen fros (B,76) avd (B,77), the Influence of
Sve leads o oan inercase in pressure on the surface of

. PP ey ¥ 3y
an esecadtn o srhore In Lhe

¢ant vhere the pressure decrcasas with
tic an/deen, snd te o dnercore tn prescure with a erowth in
"Lroof the fluld produccs a dampins

- . + ., * ¢ . . by
[xte T LFEP Sy Cuetlt e 5

elMonty whilci 1o nitusnl to espee’,

Ve onet ot o eenr o (hUTE) mny be st fed sorevhat 10
Wo o tene In octiooovant the hrdarcisounrde veloelty U reeiing svall in
o e, VY Awme Jennl graed of soun) ¢ oven In the case of
Qe e o ot Lt wne Lyphere, cgon) to Coe This oo
ic oy coTRr e e e wnbaee Je A eGupartson with unity ond
ST Lo o U UTEA G in L Pers

ot 3 A 1 dh
w Tt (4.78)

Tt 35 pozatble to have an~ther sirpiification of equation (4,7€)

obteined Ly expanslon of this eauation with respect to the small

purnr~ter U and with the une of the approxination expresslon for

L R s S

Licnobip eoincides with Yhe cquaticon obtatned in [7].

vt (SN RO
Secces YU g e s e Ahie e b e of L padiation in the edne
o et Lrnecdn o0 the cipanains sphers when 1L 0 necesasary Lo
* : . c. [ . ] ot

Ny

s it g

R e 4
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calculating the process of sphere cxpansion,

The basis of the method suitable for solving this problem,‘
in the presentation of which we follow here [8], is the assumption

that the function
re
6=r(i+ ) (4.8)
propaates with the speed ¢ = ¢ + v.

Therefore, if the value of this functicn cn the boundary 1s
known, then it ray be calculated at any poin’ in space.

hug, the preblem s divided into twn st=zees: 1) deternmining:
thz function G{Tjon the surface of the expandling sphere (T is used
to Geotenmate the time reckencd on the surfuzce of the sphere)s ?)
deter duing Lhe functlon C(4, r), snd topethor with 1t the other

hydrodyuanmle velues at an arbltrary point ef observation,

If the motion of the sphere is given, R = R(t), then U = é
is known, and the enthalpy h on'the surface of the sphere may be
found from relationship (4.76), which also completes determining
G(t) on the surface of the sphere.

In correspondence with the basic éssumption of the Kirkwood-
Bethe theory (sec [5]) the value of the function G(t, r) at an
arbitrary point in space is determined by the relationship

G(t,r)=G(N,7T)=G(I), (4.81)

whereby
t=1} .I'i'w 7
; .":(I (4 (u.ﬂr)

NDear the wave ffront ot distances shall in comparison with

7R ST . S O L I I S T R S T LRl VR SUTT YRS TR SRR S

PN AT [

- --_..M

e ke e e hm = e




Grarep(l -} ), (u.83)

2=ey (14 2v), (4.84)

vhere

B

Wepieesotne dr froc (B85 apd besdne fn nind that the
]

function 4 remains constant durins propzcontion we obtaln

R e

¢ e iw [E (4.85)

N : . P o P - - R - - .
FExvr-osins 6o n funet e ¢ G orfron formula (4.331), rerfor-

Vo e oy s Coreate (AT fend shAautttine the rosulss

fnte LE,2%5, Pina1 we deternine toan o funetion of G, r,and R

14230 i14+230 2l“(i+Bv)3U]

¢
‘-I(G)l-——;,:ﬂ[ 1o () 4 1) ﬂU(l}'wU) s ({ 4 pU) Js (u-86)

wlicre, according to formula (4.83)

e (042500

~1] (4.87)

-

R P
U=+t +5E 6 ~1] (4.88)
We ohal1l now analyze  tLhe solution obtained.
T the dAisterboncees are oeall and 1L Is possible to irnore Bv
In ecornaricon with uwatiy In forrmla (4.85), then instead of formu-

In (L,20)Y 1here 20 1cwn Lhe v ll=broun resnlt of 1lnear acoustices

T4 ST (h.8n)




the surface of a radiating sphere of radius R to the point of

observation R does not depend on G,

Consideration of the followiny: term in the expansion of the
denominator of formmla (4,.8.) in Bv leads to the solution

‘_.?:a—-‘-.—-—‘;:"‘-."";‘”-', (u.go)

In this approxiration, thn 1ap =% peovss to be a linear
2 » - &

function of G. Henee, 1% follows that, in contrust to formula

(4,80), thts solutinn desceribes a wave, the rrofile of vwhich

chanres dunins nroroaration,

It is intercsting to note that the sclution of (4.90),1in
perticular coineides with Lty result of the dliveat Interrsztion

o the caast tons o hydradyrandes to a seeend approximation with

respecet to Bv [9, 10].

In the pgeneral case for arbitrary disturbances formula (4.86)
makes 1t possible to determine t as a function of G, R,and r and
in the same way to find the fields of the hydrodynamic quantities--
the velocity, accoridinm to formula (4.87), and the pressure,
vhich may be expressed by the formula

p(r.z)=4'[,1, P (12 3)7‘]”}3"—-8- (4.91)

1}
rc.
]
As an illugsirotion of the method discussced we shall present
the result of a ealeulation of fthe radiation of the compression
wiave of o osphere expnndimnt under the influence of the prezasure

o’ the rrn cortained in tt. "The solution of vhis problem is

s

¢hitatpned with the 21d of the Hirkeocod-tzethe theory (sec (81).

The el in the ntate al fhe cios inside the envity was

ot b L T e Correcnandin 2 Yo thits, Lhe vaalue of Lhe

R T A5 4 v e




function G(t) on the surface of the expanding sphere was deter-
mined by numerical intepration of the system of equations (4.76)
and (4.77) and the adiabatic equation

p . ny a¢
”-."' ("IT) . (uagz)
whcere R, and Py are Lhe initial values of the radius of the sphere
and the pressure in it.

The the profiles of the pressurc at different distances fronm
the source uwere calculated according to formula (M.8€) with
rezpect to the known function G(L).

In the case of sufficiently high initial pias wressurces the
pressure profile culculated becomes amblijuous, which signiiics

Lthe Torraticn of shoek waves,

Thelr positicn 2nd the masnitude ¢© their dlstortion are deter-
mined aczcoraing to the aclution obtiined wish the ald ol Runkine-
Huroniot relationships, which, in the case of low intensity shock
waves, reduce to the simple law of "equality of areas®™ [1].

A typical result of a calculation is shown in Fig. 4.9,
taken from [8]. Curve 1 is plotted according to formulas (4,.86)
and (1,91) where r/R = 10"”, R=0.1cm P = 10° atm, and curve 2
represents Lhe protfile of the shock wave formed.

The erpansion of a cylindrical cavity in a liquid with great
rates of expansion may be cxamrined in similar fashilon.,

i




e - vt e st s R

s, 0tm
wl 3
’
¢ Fig. 4.9. Formation of a shock wave r
' in the case of the propagation of the :
compression wave radiated by an expan- ;
) ing sphere. {
Il 22-/7" sac i :
1 ) Lo
Tt is assumed that the function G = r 2 (h+ V; } propagates ;

at the speed ¢ = ¢ + v and, correspondingly, satisfies the equa-
tion

ok m—daA s+ S e a Al

G a6
—‘7‘-+Z-&-=0.

(4.93)
This equation may be transformed and, beiny applicable to the
surface of the cxpandinge eylinder, is written in the form : :
U v 3 U 1 v 1 n v
S-2) (-t =R+ :
Uy 1 I 4,94 .
+(1—<) (4.9%) f

If the law of the expansion of the cylinder R(t) is known,
equation (4.93) makes is possible to calculate the enthalpy, and
toFether with it with the aid of formula (4.77),the pressure on the
surface of the cylinder as a functicn of time.

The distribution of hydrodynamic values in the vicinity of the
cylind. + at distances which are short in comparison with its length
also may be found with the Kirkwood-Bethe mathod,

In fact, by using the condition of the constancy of the func-
tion G in the process of® wave proparation and with known values of
this function orn the surface of uan expandine cylinder, it is possible
to deterrine 14 values ot those points in space where the wave

cLinl sy be considered Lo be aylindriealt.

e e e o copvenient b e bentate the
St Yy 8 Ty bt he e ot G gecordinyee 1o the Yormla

-/.@. '

s




- L9 C o, (LB U A3r_ 40
=10+ 25 [60 Gt + 145 W

I g (14-Be)® _ (14 BUP ,
ey TIapor T T
B4 A 130 +nm] A +1 (4.95)
- v -+ 7] . ﬂ'ﬂ—z“—.

In this case the hydrodynamic values are connccted with the
auxiliary function G by the relationships

wla

oL (H'.ia.c_)

r’l't.

_i]. . - (4.96)

1 '
. 0-..’.. ] _1_39__ T—. ],
P p] {( +Il'/'c.) , ‘j ‘ (H.Q'{)

which 21so makes it possible to find the spatial distributlons ef
these values.

In the case of moderate rates of expansion formula (4.95)
is simplified

r—
Co

: i 2 '
n =1(c)_-:;ic(r’._n') ' (4.98)

in agrcement with the well-known result of linear acousties [11].

In the case of low rates of expansion (Bv+0) formula (4.95)
transforms into the well~known result of linear acoustics

¢ — r—n
c

=1(C). (4.99)
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CHAPTER V .

THECRY OF THE EXPANSION
OF A DISCHARGE CHANNEL

Section 1., Introduction

The releasc of energy in a discharge channel induces an increase in

pressure in it which leads to the rapid expansion of the channel,
accompanied by the radiation of .- a ~onpression wave and the
subscequent fermation of a pulsating pgas bubble. '

In the process of the expansion of the channel the walls of
the channel may be considered to be impermeable for the liquids
surroundin;: 1t. This does not mean, of course, that 1in censidering
the processes inside the channel it is possible to ignore evapora-
tion nf material on the channel wall, but,by virtue of the signifi-
cant difference between the densities of the matter 1n the channel’
and in the liquid,evaporation on the sheath of thc channel, belng
significant for the processes inside it, leads to a displacement cf
the boundary of the channel in the liquid which 1s insignificant
against the background of rapid hydrodynamic expansion,

Another important characteristic of discharges in a liquid 1s
the fact that efficient mechanisms of heat conductivity--radiant and
electron, leading, te rapid equalization of temperature alonp the
"radius of the channel, act inside the discharge channel thanks to
the high plasmu density, while less efficient mechanisms of heat
conductivity act in peripheral arcas of the channel, which leads
to a slow heating of the matter in thls arca and, correcspondingly,
to a rapid tempcorature drop on the channel hcundary.

~

The above-pentioned characteristics of the phenonenon malke

1t possible Lo peencoa o otenn LheorotienY pindel, catlaofaetorily
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describing the process of channel expansion.

We shall consider a discharge channel as a cavity in a liquid
filled with a uniform plasma and having a sharp boundary with
cold liquid. The amount of plasma incrcases in the process of
the discharye due tec cvaporation from the channel walls, We
shall consider the temperature, pressure,and density of the plasma
to be constant along the radius of the cavity.

Limiting ourself to an examination of discharges with modcfate~
currents, we shall irnore also the mapnetic pressure in comparison
with the gas kinetic pressure and the influence of the skin effect.

As a result of the release of eneryy,pressurc in the cavity

rises and it expands.,

In the process of czpansfon the hydrodynamic and electrical
churacteristics of the discharge are connected by an energy balance
eauntion, the solution of which mekes it bossib]e-to determine the
dependence ol the radius on time, the pressure in the channel,
the parameters of the emitted compfession wave;and the pulsating
bubble according to the given mode of energy release, determined
by the .electrical characteristiecs of the discharge [1].

Ignoring energy 1osseé due to the radliation of light and heat-
ing of the 1iquid outside the channel in agreement with the results
of Chapter 11I, it is possiblé to considér that the energy E relcasecd
in the form of Joule hcat 1s expended 1n increasing the intrinsic
enerry of the plasma ¥ and in the work A over the surrounding
liquid performed by the channel during: expansion,

W A=FE. (5.1)
An actual calculation depends on the relationship between three

dimencional scales:  the length of the discharee gap 1, the characteria.

tic channel radius Ro, and the characteristic wave lenjsth X, deter-
mining both the nnture of approximations in examinine the hydrodynanic

-
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phenomecna, and also the choice of one or another hydrodynamic
model of the discharpe. Several models of a discharge will be
examined,

A spherical model of a discharge, applicable under the é¢on-
dition Z<Rd<x , a model of-a short cylinder (Rd<z<l), and a

model of a long cylinder (R0< A<17) will be examined in an approxi- .
mation based on the smallness of the density disturbances (acoustic,
or an approximation of incorpressible fluid). - .

A spherical model (1€ < RO) will be examined in a nonlinear
approximation considering the finite nature of the density distur=-

bances.

Section 2. Spherical Model of a Cischarge.

Let us ~onsider an electrical discharge in a liquid, the
length of the discharre gap of which is small in comparison with
the characteristic channel radius, and the latter, 1n turn, 1is small
in comparison with the wave length, that is, 1 < R°'< A.

The fact that the cha;acteristic channel radius Ro is larpge
in comparison with the length of the discharge gap makes 1t possible
to ccnsider that the shape of the channel is close to spherical 1n
the discharge process, while the smallness of the channel radius
in comparison of the length ¢f the radiated wave means that the
density disturbances of the liquid produced by the discharge are
small, 1In addition, from the acoustic point of view, such a dis-
charge is similar to a polnt source of sound, which provides the
basis for calling such discharres point discharres [2].

We shnll cxamine the encry,ty balance equation (5.1) as applied

to Lthe ense of n point dischorpre.

fovowor Yoy cooe b e (ooe Chapter 1TT), the Intrinsic enerecy

o nlne o G phndi b e e o termeraturen Y be eaprenned
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approximately by the ordinary formula for the energy of an 1ideal
gas

Wea r¥ .
7=t (5.2)

where p is the pressure; V is the volume occupied by the
plasma, V = u/3nR3, R is the channel radius, if some effective
value of tl.e adiabatic index, equal, for example, to 1.26 in the

case of a plasma formed from water, is used as Y.
: The expansion work 1s equal to

A= pav.

ey

(5.3)

The enrrcy E(t) releascd in the channel 1is deternined
acecordin -t to the eleectrical characteristics of the discharre--the

current. 1 znd volta~e 1 in the discharse sap t

.
E(t) = { Tud. 5.1
[} .

The pressure Inside the channel may be expressed as a function
of the radiuvs of the channel and .1ts derivatives with respect to
time may be found by solving the hydrodynamic problem of the expan-

sion of a spherical cavity in a liquid.

In the case under consideration HO<A, this problem may be
solved in approximation of an incompressible liquid, since the

density dicturbarces of the liquid are small,
A correspendingeg colution wis obtained In Section 2 of Chapter

T3 1enorine Lhe pressure in tha uandisturbed liguld 1n comparison

with the prescure in the chranel In this formula, we obiain

a1 -
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3 , Vo1 r '
,..,..(-._,-h'+ nlt)=n.-.-,.‘—,7—-z—l‘-1mr- (5.5) 3

Substituting (5.5) into (5.3) we find the work of the

expansion of the channel : -
v
pe 144 L& e
A-""—&(T‘ 8«'7:") dt = Po Gair » (5.6)

P et e TR T e Sy s Py

assunine that V(n) = 0,

This result may be Interpreted in the followving way:

A is the work eipended 1n 1ncreasing the kinctic energy

of the virtual mass of the expanding sphere,
A’ 2] ll’
= phnlt - (5.7)

Substituting (£,2), (5.5), (5.6) into (5.1), we obtain the follow-

- o

inF equation:

A Gt B ‘T;" AxRE (1). (5.8)

In this cequation it 1is possiﬁle to ipnore the second term
having, a small coefficient. It is pdssible to verify
the correcctness of this approximation 1f we compare the different
terns in equation (5.8) by using the results of numerical JIntegra-
tion of the simplified cquation.

Therefore, we shall use the following equation below

VV 3 -(L;‘;i)—-/m”lf(l). (5'9) .

Ve shall introduce the dinensionless variables

. b AT n
Ty He) - Gy (5.10)

where 1 bo Lhe abccehoeso daeaciony o= () 1o Ce energryd rebons o
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in the discharye channel during the time 13 Bo 1s a unit
of length to be determined. '

In the new variables equation (5.9) acquires the form

e ) B P = S TP (5.11)

We shall choose Ro so that the coefficient in the right
member of equation (5.11) becomes unity

M= - T=L g . 0, 0620E, (5.12)

This relatlonship exactly coincides with the previously
obtained expression (3.5), determining the order of magnitudc
of the radius of the channel at the end of the discharge.

This means that the new unit of length 1ntrodﬁced by rela-
tionship (5.12) has the sense of the eritical channel radius.

The equation 6ota1ned

rE(rd)=ra (5.13)

For numerical calculation can be written in the form of

—'T(‘L. . ‘ ' f:

(5.14)

the system’
ds
_15?
&y 3
7

From_physical considerations it is natural to choose the initial
conditions in the form

8‘-‘30. V=>ye 9”00 (5015)

where v, °= R_ . /R. s the initial radius of the channcl, In

0 str’ 0
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correspondence with the data in Chapter II it 1s possible to
sty - 1072 cm. A precise
determination of the initial radius is not required since the
expansion process basically 1s determined by the conditions of
energy rclease in the channcl, and not by the initial condil-
tions, which the system rapidly "forgets."

consider that the streamer radius R

Equation (5.13) together with the initial conditions (5.15)
completely describes the process of dhannel expansion 1f the
runction'f(x) characterizing the mode of eneryy released 1in
the channel 1s known (for example, from experiment). We note
that thanks to the special seclection of the units of time, energy,
and length the parameters of the discharre do no; enter into
equation (5.13) in explicit fashion; their influence 1s exerted
on the eauatlfon only throuch the function f{x). It 1s possible
to state, thercfore,'that all d:scharges characterized by identi-
cal modes of enerpy release (identical f(x)) are similar in
the sense that they are described by one and the sare equation.

In perticular, as was menticned in Chabter IITI, for all
discharges close to critical, the appearance of the standard
law of energy release--the function f(x)--is identical, which

points out the simllarity of these discharges in the above-mentioned

sense,

We shall nov express the principal quantities characterizing
a uniform spherical model of a discharge through the solution
of eauation (5.13). Since the radius of the channel 1s

R = Ry, (5.16)

then, substituting: this relationship into (5.5) and using (5.14),
we find the prescure in the channel

ne
P =y (2), (5.17)

-137-
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where

IR X L N L
“‘) '. F) '. *

The work of expansion, according to (5.7), 1s expressed
by the formula

n

and the intrinsic encrgy of the plasma in the channel by

" .
W e Pt 5o ,,[m =) (5.19)

The density disturbances of the surrounding liquid aris-
ing in the discharpe channcl propagate in the form of a spherl-
cal compression wave. The profile of this wave may be deter-
mired by using the solution of the problem of the radiation of
a sphere, expanding according to-a given law in a liquid. In the
case of the small rates of expancion under conslderaticn here
this problem may be solved in an approximation 1f linear acoustics
(see Section 2 of Chapter IV) where the velocity potential of
the radiated wave is determined simply by the bulk speed of the
source (4.11), and the pressure in the wave radiated by the

sphere 1s proportional to the bulk acceleration (formula 4.13).

Designating the excess pressure created by the wave as
p below, on the basis of (4.11), (4.13), (5.14) and (5.16) we
obtain

- (5.20)
" -
pereigm 2=l Tai-L,
where g(J)—:-—;’J—.
. n (i
N R B . (5.71)

Reproduced |
berredrine,. @
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We cmphasize that the formulas pgiven, based on a solution

of the energy balance equation (5.14), describe only the leading.
part of the wave radiated in the active stage of the discharge,

when current flows along its channel and energy 1s released.

Knowing the pressure profile of the radiated compression
wave we find the acoustic cnerpy removed by this wave

ll’.g—'inr'j_'.:"_-.—dl=MJ . (5.22)
®

cA? *
where I-I(-'-;’,’-)'dr.

In calculatin;y the acoustic energy integration may be taken up to

X =~ 1 in view of the rapid decrease of the integrand. In add
tion, for the function f(x) given in Fig. 3.13 , J ~ 1.

It 1s useful to turn our attention to the following featu
of the above,glven formulas for the hydrodynamic characteristi
of a discharge: according to their strucgture they consist of
a dimensional constant and a dimensionless function of time,
addition It proves to be the case that the orders of magnitude
that c¢an be described by these formulas 1in prazctice are det
mined by the dimensional cocfficients.

The dimensionless functions of time in the area of the
maximum differ from unity insignificantly. The peculiarities
calculation noted arc connected with the choice of the scales
characteristic for the processes under consideration as units
time and lensrth,

In principle the formvelas presented above ,(5.16)-~(5.19)

A(5.20)==(5.2) make it possible to calculate the hydrodynamic

charviacterinties of a discharve 1f Lhe mode of cnerpy released

chavaetericet hy the et ion f{x) 15 knovn,

-1739-
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In particular, for all discharges close to critical, as
was mentioned in Chapter III, the standardized law of energy
release is identical and 1is described by a function, a graph
of which 1s presented in Fig. 3.13. '

Correspondingly, the dimensionless functions entering into
the formulas for the hydrodynamic quantities also are identi-
cal for such discharyges.

Therei'ore, for calculating the characteristics of such
discharges it is sufficient to know only two parameters--the
discharge duration T and the total energy released during this
time, E, deternining, according to formula (5.12), Ry, and
together with 1t,the dimensional coefficients of the formulas
cited above. Aiso it i1s possible to eliminate RO and to rewrite
these formulas directly in terms of the parameters t and E.

In this case the hydrodynamic quantities are described by
the formulas:

channel radius
TP EYy, (5.23)
pressure in thg channel
2 s " 1 s
S b [ Ld
pnl’“ s T [——’—,———2—--'-‘—]. (5’211)

pressure in the radiated compression wave

R RS
p=p' S Ex * L0, (5.25)

radiated acoucticnl enerpy

) -1 L4 -2
‘V = 4n ‘G.Ebc b 1 Jz
ac p' » (5.2())

-1h0e-
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where

e [—é{' - "T%' ’ r

It i1s interesting to note that the time scale t enters
into (5.23) to the same power as in problems of an intense
explosion or the slammins, of a bubble 1n a liquid.

e . AW

'In turn, in the case of discharges close to eritical,
the parameters 1 and F may be approximately determined accord-
ing to the formula

v~aVIC, Ex S (5.27)

(see Table 3.5), which makes it possible to calculate the

dependence of the hydrodynamic characteristics of a discharge

on the parameters of the electrical circuit. PFor example, the

pressure in a cormpression wave, in order of magnitude, is deter-

mired by the formula '
=10 L (L) st

r FX]

’

i1f r expressed iIncm, C In f, U in V, and L in H.

An important characteristic of a discharze is the amount
of its electroacoustic efficiency,which is understood as belng
the ratio of the acoustical enerpgy radlated durlng the discharge,
to the total energy 1introduced into the channel,

E

W, -
N -;im3(7—- ’)'2':" Jhape Ya

J.
(5.28)

ol

(14

It 1c obvious that the efficlency 1s proportional to the
rate of expansion of the chunnel RO/T, depends on the value of
the effective adiabatle index for the plasma of the discharse,

weakly depends on tha amount of eneryy released E,and increases

-1l




with a decrease in discharge. duration.

For the discharges of moderate intensity under considera-
tion here, n ~ 10% (valuves of the parameter, typical for such
discharges, are given in Table 3.5). In experimental conditions
it 1s convenient to perform a discharge along the surface of a
rigid reflector. The influence of this surface also may be
considered in a calculation. We shall examine, for example, a
discharge taking place irmedlately on a rigid plane surface.

If as before the electrode pgap is small in comparison
with the characteristic channel radius (and the latter is small
in relation to the wave length), then the shape of the channel
will be close to hemispherical.

Correct to the effects connected with the fcecrmation of a
boundary laver, such a discharre is equivalent to half a spheri-
cal discharge 1n free space.

Hence,it 1Is clear thaf the hydrodynamic characteristics of
a discharge near a plane will coincide with the corresponding
" characteristics of a free discharge of double the energy.

They may be calculated according to the formulas for a dis-
charge in free space 1if in calculating the quantity R entering

this formula,instead of E in formula (5.12),we substitute 2E, and
in addition, we divide in half the amount of work of the channel,

the intrinsic energy of the plasma,and the acoustic energy,
in the same way considering the energy found only in one of the
half spaces.

Section 3. Short Cylinder !Model
If the lensth of Lhe electrode pap is rreat in comparison

with the radius of the channel, but small in comparison with
the wave lenrth, that is R0<Z <X, then in the discharre process

~J0=

A 25,

o A Ao Bl 95 AU

JE E—




the channel has a.n elongated shape, which makes 1t possible to
use a uniform model of a short (in comparison with the wave
length) cylinder for describing such a discharge.

' The calculation 1s similar to that performed in the pre-
ceding section (see [1] and [3]).

The energy E(t) released in the channel basicaily is expen-
ded 1In increasing the intrinsic energy of the plasma

wa P8 (5.29)

and 1n the work of expanding the channel

s
= | PidS
A= | puas, \5.30)
where P is the pressure in the channel; S 1s the cross sectlonal
area of the channel; 7 1s 1its length,

The pressure on the surface of a short cylinder, expanding
with a speed which 1s small in comparison with the speed of sound
in a liquid,was calculated approximately in Chapter IV, formula
(4.48). Ignoring the equilibrium pressure in comparison with the
pressure in the channel it 1s possible to rewrite this formula
in the form

3 1 51
p-mﬁln_lr——z—p.-z;{,‘-?' (5.31)

Substitutine (5.31) into (5.30) and bearing in mind that

’,JS - d , o’l [}
I TR T i T

-~

we find
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Ax--l(-.-zé;—:-lu-'—- (5.32)

Then substituting (5.29), (5.31) and (5.32) into (5.1)
and cancelling I, we obtain the energy balance equation in
a calculation for a unlt length of a channel

28I+ [tr- D2Ingp—1]=4a LD EO (5.33)

Ve introduce the dimensionless variables

£ n

¢
& m -, I(J)E‘T- ¥= g

where 1, E,and RO are rcspectively the discharge duration, the
total energy released in a channel durineg the time 1, and the
characteristic unit length.

In the new variables equation (5.33) acquires the form

d ... T L bG=NTE i@
sy Pt —1) dlmt—| Al apatc
y'in ity (5. 3")

If the length of the discharge gap is chosen as the charac-
teristic unit length Ro, then thls equation may be rewritten in
the followling way:

d . .. 1 3 ()
R e R
“ [ ) P gy (5.35)

2
The dimensionless coefficient -, = (y—1)  1°E
i Po w12

may be con-

sidered as a similitude criterion in the sense that discharges
characterized by 7 and f(x) will be described by identical
equations,

In practice, however, in a caculation of the process of
ounansian 0 2 ahargel 18£8 move comvanient neat to choose U oas
4
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in the right hand part of equation (5.34) equal to one and has
the sense of the characteristic radius of the channel

m= Uzt ol (5.36)

From a comparison of (5.34) and (5.36) it 1is easy to
establish that the dimensionless similitude criterion ; is no
other than the fourth power of the »atio of the characteristic
radius of the channel to its length, that is;, this 1iIs a criterion
of the geometrical similarity of discharges.

Selection of the dimenslional scale of length in correspondence

with formula (5.36) leads to the following form of the energy
balance equation:

%w-w'[u-i)— 'r]- -
ey ] g (5.37)

An estimate shows that the sccond term in the left hand
part of this equation is small and may be omitted.

It is possible to verify the correctness of this
approximation by means of a comparison of the terms of equation

(5.37), performed on the basis of the results of numerical inte-
gration of thils equation,

Thus, from (5.37) we obtain

d AG)

wW=—

{
rhogs! (5.38)

which may be rewritten in the form of two first-order equations

[N
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0 n e i A




(5.39)

From physical considerations we select the boundary condi-
tions in the form:

r=0, ymy, y=0, =yye=0, (5.40)

where Yo 1s the initial radius of the channel.

If the mode of energy release in the discharge channel
characterized by the function f(x) 1s known, then integration
of equation (5.38) makes it possible to determine the law of

expansion of the channel, and together with it, the other hydro-.

dynamic quantitles.
We shall now tite the approprilate formulas.
Radlus of the channel

R = Ry. (5.51)

Pressure in the channel

n JU2
P—p.—,'g"'tl(z)c (5 )
wh '
ere =12
Work performed by the channel during expansion
ll‘: )
. A=lpyn— 2ln - . (5.43).

Intrincise e of the planimn In the channel
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It is possible to use formula (4.58) for a calculation of
the acoustic energy of a discharge.

The first term in this formula, which may be rewritten
in the following fashion,

"
P= o3 561 (2),

set(- 4 =19

describes the shape of the wave emitted in the direction perpen-
dicular to the axis of the discharge (8 = %/2).

The second term in formula (4.58), providing correct’on
for the first where 6 = n/2, being proportional to the small
parameter of the model of -a short cylinder Z/cot, is small,
whilch reflects the fact that the wave radlated by a cylinder that 1s
short in comparison with the characteristic wave length differs
little from a spherically symmetrical wave,

The acoustic energy emitted during a discharge 1s obtained
by integration of the energy flow with respect to a spherical
reference surface and with respect to time

x

Y S SR - (5.16)
W, 2.'! rere 912 sin 040 == mrpy ”{J, ‘_ a J]'
where 1 s 1 2
IO | TR O PRI
1 ln_lT; o] ’”n‘”;
The second term in brackets in formula (5.46) takes into account

the deviation of tho shape of Lhe wave from a spherically symmetrlical

“1h7-
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one. Formula (5.46) is applicable if this term i1s small in
comparison with the first.

Using (5.36) and (5.46) we find the electroacoustic effi-
ciency of the discharge

- W.e "_e:':"(f_‘)‘," (5"‘7)

In order to aGoid misunderstandings we emphaslize again
that all the findings of this section, including formula (5.47),
are correct only under the condition RO< 1< co'r.

Ve note also that, as was done in the case of a spherical
model of a discharre, it is possible to eliminate Ro from the
formulas for the hydrodynamic characteristics of a discharge
with the aid of relationships (5.36), in this way expressing
these values in terms of three paraneters of the discharge-~the
total enerry released in the channel, the time of 1its release,
and the length of the electrode gap.

In addition, in rough estimates for discharges close to the
eritical, it is possible to say that the energy released in the
channel and the discharge duration are determined by formulas

(5.27).

Correspondingly, it 1s possible to obtain estimating formu-
las for the different hydrodynamic characteristics of a discharge.

For example, the peak pressure in a compression wave in a

plan® perpcndicular to the discharpe axis and passing throurh
the center of the channel 1s determined by the formula

. ry =10 z '/:—;vl—--ltm
. T (5.48)
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if U, r, 1,2nd L are expressed correspondingly in V, cm and H.

Section 4, Long Cylinder Model

In an approximation based on smallness of density distur-
bances long cylinders also may be examined under the condition
that the characteristic channel radius remains small in compari-
son with tre wave length: RO<A< 114]}.

The pressure on the surface of a cylindrical cavity, the
length of which is great in conparison with the wave length,
is deterrined approximately by relationship (4.5%)

s Zeal &

Pz=py 55 In =5~ o g -

Substituting this expression into the formulas for the
intrinsic enerry of the plasma (5.29) and the work of channel
expansion (5.39), and the resuit obtained Iinto the energy
balance equation (5.1), we obtain the following equation in an
approximation:

§, 2 §? 5 /!
(Poﬁln';‘i—'hm)3+961;(h—-—zfr )('r ~1)=(y—1)E/l. (5.49)
Turning to the dimensionless variables, x = t/t, y = R/Ro,

and f(x) = E/Eo, we obtain,irnoring the second and third terms
of this equation in view of their smallness,

_l_f_' 2 2 (y—1 £
Py = S () (5.50)

Selecting as a new unit of length the quantity defined by the

relationcship

-

(5.51)
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which has the sense of the characteristic channel radius, we
arrive at the equation

R A Y (5.52)
where z = y;.

In the given cuase it is convenient to choose the intial
conditions 1in the form

20, 90,790

In practice, in virtue of the insensitivity of the calcu-
lation for the initial values of the quantitles it proves to
be possitle to use as 1nitlial cconditions values of the channel

radius and rate of expansion which are quite small 1n comparison

with the characterlistic values,

The hydrodynamic characteristics are expressed by the
solution of this system in the followlng way.

Channel radius

R = ”._"o

(5.53)
Pressure in the channel
nt
b.—-:p. —‘—:—gl(.‘r). (5.5“)
Work of channel expansion
I': - it = .
A=ﬁl)“l'7‘"'3'lll’7‘."'—"" (5.55)

~

Intrinsic encryv of the plasma in the channel

-3150=-




W= ap.i,'.‘i[/ (- 5} (5.56)

As in the case of a short cylinder we find the acoustic
energy by summation of the signals of the elementary sources

according to formulas (4.56) and (4.57).

In the direction transverse to the axis of the channel
(6 = w/2, Fig. 4.8) we obtain immediately

L]
PL=Ps 5 ¢ (z)'
S (5.57)

where

6H(2) = ,".’) .
h Zet 2
Re ¥
In the lonsitudinal directicn (8 = 0) from formula (4.56)
we obtain

porelly 8 45 . I
i N R _— .
P ) T namr-rday (5.58)

Bearing in mind that the integrand differs from zero only
in the interval 0K x<1 (the duration of the signal 1is small in
comparison with the time required for it to “travel™ along the
length of the cylinder l/co). it 1s easy to establish that the
maximum value of the longitudinal signal 1s determined by the
formula .

porelty ¢ d: prraliy -
P --—,—.—-—-—j -—d:ﬂ'—;——-(’).
e o (5.59)

The ratlo of the amplitudes of the transverse and lonsitudi-
nal sirnals, n /py=l/c,12(1), to within the cocfficient 1/z(1)
clrse to unity (uee Ctinpter VI), is equal to the ratio of the
Trnsth of the chaneel fo the len-th of *he pulse, thus reflrc-

D PRI SR T il th e Lpansverce oiynal s obtained by
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summation of the amplitudes,'and the longitudinal by summation )

of the durations of the elementary pulses, the number of which
is proportional to the length of the radiator 1.

. The total energy radiated by the channel during a discharge
aly
W.. -—;—_"nnwﬂjp‘dl (5.60)

may be calculated by using the results of Chapter IV, formulas
(4.65) and (4,.67).

If we consider quite roughly that an elementary pulse is
of rectangular form, then, on the basis of formula (5.57) tak-
ing as approximation p; = pongi/2t2r and using (5.51), from
formula (U4.65) we obtain

Wae = (1= DE[§- 5 + 5 ~1n%], (5.61)

.

whence the electroacoustic efficiency of a discharge also may’
be determined without difficulty ‘

q-(r-ﬂ[-‘-ﬁ:-«l-—.:-—lnf?— . (5.62)

If we approximate the shape of the radiated compression
wave in the direction perpendicular to the channel axis by a
- Gauss curve with.a decay constant T = 0.7t and an amplitude,
in correspondence with (5.57), expressed by the formula

PL="mms (5.63)

(that is, we represent abproximately the dimensionless function
of formula (5.57) as an error funccion), which, as will be
scen later, in a calculation of the hydrodynamic characteristics
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of discharges better corresponds to experiment, then calcula-
tion with the use of formulas (4.67), (5.51) and (5.63) leads
to the following formulas for the acoustic energy and the
electroacoustic efficlency:

Weo m (1 — )5 £[0.2555 4042+ L], (5.64)
‘-(.?-)'(7—1)[0,25'7"- 043 4 ni]. (5.65)

We note that the hydrodynamic characteristics may be
expressed as functions of the basic parameters of the discharge
E, 1,2and I by means of omitting Ro from the corresponding formu-~
las with the ald of relationship (5.51).

In turn, these values are expressed,as previously, by
the paramcters of the discharge circuit. 1In gddition, a formu-
la 1s obtained exactly coinciding with formula (5.48) for esti-
mating the pressure In the compression wave,

Section 5. Spherical Model of a Discharge. High
Rates of Channel Expansion.

In order of magnitude the rate of expansion of the channel

of a point electrical discharge 1is determined by a relationship
derived from Formula (5.12),

lu‘ ‘aj=

LU
T

.

L 4

Evidently, the rate of expansion is proportional to the
enerry density in the discharre cliannel and increcases with a
decrecace in the period of energy release.
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If a sufficiently large'amount of energy 1is introduced into
the discharge channel for short intervals of time, then the
expansion of the channel may take place at speeds close to or
even exceeding the speed of sound in the liquid.

The density disturbances prove to be significant and 1t 1is
necessary to consider the compressibility of the liquid in
examining such discharges.

We shall limit ourselves to Investigation of a point dis-
charge characterized by the following relationships of the dimen-
1

sional scales [5]:

I<R.zl.

As before we shall ignore the influence of magnetic pressure,
considering it to be small in comparison with the pressure of
hydrodynamic origin. We shall consider the fluid pressure
created by the expansion of the channel to be isentropic, which
makes it possible to use the equation of state (4.3)

B 4 (-‘!._).— Bl
where A = 3001 atm, B = 3000 atm, n = 7 for water.

In calculating the hydrodynamic characteristics of a discharge
it is convenient to isolate two successive problems to be solved:
1) calculation of the channel expansion with a given mode of energy
release; 2) determining the compression wave radiation by a
channel expanding according to a known law;

The process of channel expansion may be described approximate-
ly by the system of equations '

L]

~
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the first of which expreses the law of the conservation of
energy during a discharge, and the second and third may be
considered as relationships determining the pressure on the
surface of an expanding sphere equal tothe pressure inside the
channel P as a function of the radius of the channel and 1its ol
derivatives with respect to time. The last two equations are B
the consequence of the hydrodynamic equations and the equation }

of state of the liquild obtained in the Kirkwood-Bethe approxi- -
mation (see [6) and formula (4.76)). |

Lo . v
"..- -l -

%

. e wee

The following symbols are introduced in fromula (5.66) in - 1
addition to those already used: é -=the power released in the -
channél; H~=the enthalpy of the liquid along the_ surface of an
expanding sphere; ¢ = c(p)--the local sbeed of sound, being .
a variable quantity, as opposed to the preceding quantity.

el

We choose the 'nitial conditions in the form t +0, R+0,
R+0. '

In practice, as was mentioned already, it proves to be A' :
sufficient where t = 0 to assign values of the radius of the !
channel and the rate of 1ts expansion which are quite smalliin
comparison with the characteristic values of these quantities,
For performing a numerical calculation it 13 convenlent to

.?

represent system of equation (5.66) in dimenslonless form. “1
.,j
We introduce the dimensionless variables '3
- __!'_ n iy » :
Twmo ym g Eem, t-—’-':-. é
po 3T 3
‘l'-‘-l{-- M= t_,.’—:_' ’ . ;!
—r- (5067)




where Tt and Ro are new units of time and length, o is the
equilibrium speed of sound, M is the Mach number,

If we choose the discharge duration as fbe unit of time,
and the characteristic channel radius, determined by relation-
ship (5.12) as the unit of length, it is possible to obtain
the following system of equations from (5.66):

dz ’i 4 ¥ dz *
1
%_wu " —"-‘-z.al.’_il.'!_.l".T'“.‘—_fL'_
. d < -- ' .
t-nL? 3o 1oL ¢ (5.69)
1 n ==t
R T )[(""’C"‘Tr)“-"]- ‘ (5.70) -
2 "".z:-‘-" . dy Re
s= (a4 )T = M=l (5.71)

relative to the unknown functions y(x), z(x), z(x), n(x). A, B
and n are constants of the equation of state of the liquid; f(x)
is the dimensionless power characterizing the mode of energy
release in the channel. 1In dimensionless form the initial
conditions are formulated as follows:

20, §y-0, 21, -0, 1—0.

We note that system of equations (5.68)--(5.71) describing
the process of channel expansion contains a single similitude
eriterion--the Mach number (™).

In the 1limiting case as 1 + 0 this system, as should be
expected, transforms into a system of equations describing the
_process Bf the expansion of the channel of a spherical model
with slow rates of expansion of the channel (see Section 2 of

Lthe pre~ent. chuapterp,

. - -
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Numerical integration of system of equations (5.88)--(5.71)
makes it possible to determine the dependence of the channel
radius on time, the rate of expansion of the channel, the pres-
sure in the channel, and also the values of the functions

3 U ; 4\ M
)= NUH + U2) = (R y (n+ - i7)= S o)
on the surface of the expanding sphere,

Determining these functions is the iritial voint of sclv-
ing the problem of radiation in the Kirkwood-Bethe theory,
assuming that the values of the function G = p(h + 1/2 vz),
where h 1s the enthalpy of the liquid at the point r and v is
the hydrodynamic speed, remaln constant at points travellng at
a speed of ¢ + v, which makes 1t possible to determine this
function at any point in space according to known values of it
on the surface of the sphere.

In praéticé it proves to be more convenient to calculate
a function, the inverse of G(t, r) [7), a:cording to formulas
obtained from (4,86)~-(4.91) by reducing them to dimensionless
form

' A4l r 1423 i+ 20
b= - =2(0)+ MW — Elmtton — s0GTe0)

{t + 3730
— W ) (5.72)
) |
”"";—[(i-l-(n-{-l)ﬁ;—,\l’g)T—i]. (5.73)
, ' 2
BU-%[(H(n P L) —.1]. p= 2L (5.74)

In the case of small disturtances, when M€1 and, consequent-
ly, 8U<1 and Bv<1l these formulas transform into a solution

r—N
t - ™

—xzxig),




corresponding to an approximation of linear acoustics.

‘bbnsideration of the next term in the expansion of formu-
las (5.72)--(5.74) in M leads to the formula

r
[ g

e —ww L, (5.76)
This approximate formula graphically demonstrates the influence
of nonlinear effects in the propagation of a wave: polnts of
the wave proflle corresponding to great values of g approach
the polnt of observation with shorter times t, that 1is, they
travel faster than points with smaller values of z.

According to krown values of the function G it i1s easy to
determine the hydrodynamic speed (5.73) and the pressure

— n—1{/ +1 = 1n
p-—A[n+‘+-"+1U.~"r I, u} ]'

(5.77)

and to finé the profile of the compression wave at any point in
space,

This formula is simplified in the area where (n+1)M2R0/r<].,
acquiring the following form:

p= ﬂ,g() ' (5.78)

At 'a sufficient distance from the discharge the gsolution for
the cormpression wave profile may become ambiguous which, as is
known [8), sirnifies the formation of shock fronts.

Their behavior and the magnitude of the discontiruilty are
determined by means of joining the solution obtained with the
Rankinefﬁuroniot relationships on a shock front, which for
shock waves of low intensity reduces to th: simple rule of
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"equality of areas™ [8].

At great distances from the discharge, where nonlinear effects
iéad to pgreat distortion of the original wave profile, the shock
wave acquires a form which i1s weakly dependent on the detalled
features of the function G on the surface of the channel. This
makes it possible to obtain simple asymptotic expressions, describ-
ing the shock wave at a distance from the discharge and, in parti-
cular, making 1t possible to clarify tﬁe nature of its damping.

Two cases are possible here,

If the rate of expansion of the channel 1is equal to or exceeds

~ the speed of sound, then shock waves arise in the immediate vicinity

of the discharge.

In this case 1t 1s possible to use the asymptotic expressions
of the theory developed by Kirkwood and Bethe for describing

" shock waves from an explosion and applicable at a great distance

from it [6].

According to this theory, the form of a wave 1s assumed to be
approximately exponential

’-p_oxp(- ‘f‘.)v (5079)

and the quantitieés Pp and T, are determined according to the follow-
ing formulas

Pm = "OG-/" G. ’G.. "

where Go is the maximum value of the function G on the surface of
the sphere, and a 1is quantity characterizing the damping of the
shock wave,

2

i'-l-]/l Ma—"-‘z':znj%

Bl ]

(5.80)
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where Ro and 1 are the characteristic values of the radius of

the channel and the time of its expansion;
286
t.-—‘-:-—hnn':. . (5,81)

Formulas (5.79)--(5.81) are applicable in the case of the ful-
fillment of the conditilons

m./ft:>i. (5082)
In-- 1,
"> (5.83)

tke first of which expresses the condition of the formation of

a discontinulity near the discharge and the second makes 1t possi-
ble to use the asymptotic formulas of the Kirkwood-Bethe theory.
As is seen, the parameters of the shock wave at great distances .
are determined simply by the maximum value of the function G
under the condition that the characteristic values of Ry and 7
are known.

In turn, for rough estimates it 1s possible to assume that
Go ~ Rg/Tz, that 1s, to consider that the maximum value of g 1s
close to unity, which, as will be seen below, agrees with the
results of numerical calculation. )

- Thus, it is possible to find the order of magnitude of the
pressure in the shock wave radiated by an intensive discharge
according to a given discharge duration 1 and the total energy
released in the channel E,

By usling the estimate given above for G0 1s is possible to
rewrite inequality (5.82) in the following way:
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From this formula, in particular, it follows that the
possibility of tre formation of a shock wave depends on the
ratio of the enei'ry density in the channel proportional to .the pres-

sure in it and to the characteristic pressure in the liquid
2

PoCo * )

If the rate of expansion of the channel 1s less than
the speed of sound,which occurs in the case where instead of
(5.84) the inverse inequality is fulfilled

m,_%<‘.
“ (5.85)

then shock waves may be formed as a result of cumulative nonlinear
effects at a certain distance from the discharge. Consideration
of this factor, performed in approximation of nonlinear acousuvics
(5], leads to the following formula for P

-py o 1= =1
Pa=po=7 80U, = - Cor[In - |, (5.86)

r CoT
This formula 1is valid if 1n Ty > 238G, Fulfillment of

this condition signifies that a shock wave was formed at the
distance r.

Section 6. Approximate Calculation of the Electrical
and Hydrodynamic Characteristics of a Discharge According
to Given Parameters of the Electrical Circuilt,

The models of an electrical discharre examined in the prece-
ding sections are incomplete in the respect that the mode of ener-
gy released, determined by the electrical characteristics of the
process, must be piven for a ¢alculation of the hydrodynamic
characteristiés of a discharre.

Mearvhiln, 11 we include the electrical circult in our exami-

nation, 1t 1o pocsible to obtuin a cloced system of equaticns,

~161-
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describing both the electrical and the hydrodynamic phenomena
during a discharge. An approximate calculation corresponding
to this approach is made by A. I. Ioffe in (9], which we
follow in the presentation below.

The principle difficulty which zrises in an examinatlion
of such a closed model is connected with determining the channel
resistance which is variable in time and depends on the particle
den41tv ana temperature in the channel,

We shall consider that the electrical circuit of a discharge
is an oscillatory circuit with a given inductance L, a capaclitance
C,and a resistance deterrined by the resistance of the discharge
channel which varies with time.

Then the electrical characteristics of the process are
described by the equaticn of an osclllatory circuit

”, dll R
T L L (5.87)

Here U is the condenser voltage; Re is the ohmic resistance
of the discharge channel; l/nei is the resistivity; S 1s the
cross sectional area of the channel.

In agreement with that which was stated in Chapter III we
shall consider approximately that the conductivity of the plaSma
i1s determnined only by the interaction of electrons with ions
and is described by formula (3.29) (where Z = 1)

: .88
oy = 1,52.40- LU | (5.88)

where ' Am 3 (kT)"
2(4n)" An)le

.
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For practical reasons in our calculation lnA which variles
slightly with a chanre in electron configuration was assumed to
be constant. Here e is the electron charge; T 1s the tempera-

ture; n_ I8 the number of electrons in a unit volume,

e
Por specificity we shall consider a discharge corresponding

to the short cylinder model, that is, we shall consider that

the length of the electrode cap 1s preat in comparison with

the characteristic channel radius, but much less than the

characteristic wave length Ro<z‘¢x, A= CoTs vhere v is the dis-

charge duration.

Then the energy balance equation with respect to a unit of
length of the channel may be written in the form

s {1 drs U\ ¢
’7:'"‘7:7'7?“'(77) 5 = 1*R,

,_c"" '(5089)

and the pressure on the surface of the expanding c¢ylinder 1s
deternmined by formula (4.48), which it is convenient to write in
the following way

1 :
Pw= 5l LU INNPNEAIS
w "(s—:—) rou (5.90)

Estimates show that the length of the radliation path in a
plasma at a temperature of T = 2o10u' K and with a density
n, ~ 1020 cm™3 45 approxinately I « }0'1 cm and is small in
comparison with the characteristic channel radius (sce Chapter
II11). 1Therefore, the plasma of the channel may be considered
to be a blark body radiatinsg the radiant flux q = ngf from a
a unit of 1its surface.

If, therefore, we assume that the radiated energy flux q is
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absorbed in a thin layer of water and goes only to evaporate
the water within the channel, then for the particle density
in the channel 1t 1s possible to write the following equation:

d 2x ST
T == (5.91)

where D 1s the evaporation energy on a molecule.
Together with the equation of state of an 1ideal gas
p = nkT, (5.92)

approximately aprlicatble for a slightly ionized discharge plasna,
relationship (5.91) clcses the system of equations, consisting,
therefore, of the five equations (5.87)--(5.92).

This systenm nay be intersrated numerically with the appropri-
ate initial condi-ions. Several of these are obvious: at the
initial moment the condenser Is charged to a glven voltage UO’
and there 1s no current in the circuit, which leads to the condi-
tion dU/dt = 0, The remaining conditions are not so specific;
for practical purposes in our calculations it was assumed that
the initial value of the channel cross section was 0.1 cmz, the
rate of erxpansion was zero, and the intial temperature and pa*ti-
cle density were chosen as approximately equal to 10"‘ K and
10*? em™3. variations of 10-30% in the initial values had an
insignificant effect on the results of calculation.,

The results of a calculatiocn, describing the electrical
and hydrodynamic characterlistics of a discharse with respect to
four glven pnaramecters: initial condensor voltare, the inductance
I, and capacitance C of the discharye circuit,and the lenrth of
the discharge rap I are compared with experirental data in the
followlns~ chapter,
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Section T;' Similarity of Electrical Discharges
in a Liquid,

As was mentibnéd..the relationship between the three dimen-
sional scales-=the lenpgth of the diacharﬁe rap L, the charac-
teristic channcl radius R,,and the characteristic wave length A
is an important characteristic of the hydrodynamic phenomena
during a discharge; 1t 1s precisely this relationship that deter-
mines, in particular, the cholce of one or another of the dis-
charge models examined above,

This relationship may be characterized by two dimensionless
parameters: M = RO/A ard N = 7/, the first of which is equal
to the ratlo of the characteristic rate of channel expansion to
the speed of sound, M = Ro/ct = U/c, and therefore may be called
the Mach number, and the- second characterizes the length of the
channel in comparison with the length of the radiated wave.
Different discharges correspond to different values of the para-
meters; on the other hand, identical values of them correspond to
identical, in a hydrodynamic respect, discharges, that is, they
play the role of hydrodynamic similitude criteria,

The meaning of these parameters becomes more clear 1f we
turn to the dimensionless equations describing the different
discharge models [see, for example, formulas (5,13), (5.28) (5.38),
(5.57), (5.52), (5.62) and (5.69)]. In spite of the differences
in these equations, the common factor 1s that the parameters
M and N (or thelr ratios) are the coefficlients which enter these
equations,

Hence 1t follows that discharges with identical values
of the parameters M and N are described by equations which may
differ only in the form of the dimensionless funection f(x),

characteprizine: the mede of energy releasc in the channel.

Tt. 15 not A1 cnlt, however, to verify the fact
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that the nature of this function, determined by the time

dependence of the power IzRohm’ depends both on M and on

only one other parameter 2 -Ref/J L7C , entering as a coef-
ficient into the equation for the discharge current

T+ 2L R+

Here I is the discharge current, Rohm is the ohmic resistance

of the c¢ircuit; it is assumed that it is due, basically, to the
rasistance of the channel; Ref is the effective value of this
quantity, equal to I/nS for a cylindrical model and 1/nR for a
spherical model; L and C are the inductance and capacitance

of the circuit; R(z) = Réhm/ﬁef is the dimensionless "resistance,
which may be considered an identical function for similar dis-
charges x, x = t/1, 1t = =/ LC .

"

Thus, it 1s obtalned that discharges wlth ldentlcal values
of the parameters ¥, N,and Z are described by ildentical equations,
that 1s, these parameters are similitude criteria.

We shall represent them in a different form. PFirst we
shall examine discharges corresponding to cylindrical models.
In thlis case the parameter Z, being a similitude criterion of
the electrical -(and energy) characteristics of theldischarge
may be written as such:

Z= ."/—F ]/‘I ,:, ~l/r ”, ’

L (5-93)
ﬁhere S 1s the cross sectional area of the channel.

Bearing in mind that the amount of plasma conductivity is
determined by the temperature and pressure in the channel, which
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are identical for similar discharges®*, and therefore omitting
Ner and also the combination of parameters equal to Mz, constant
for similar discharres, we obtain

2~y . (5.94)

In examining the similarity of discharges in one and the
same liquid it is possible to consider the speed of sound ¢ to
be constant, 8o that

M~Rys, N~lnr, z~]/‘1:';-‘ (5.95)

Now we shall express these similitude criteria with the
parameters C, U, L,and ! usually given in an experiment.

We have according to (5.36)

i
<

pmmy (5]~ (), N Zmph

Hence 1t follows that for similarity of discharges it 1s
necessary that the quantities UZ/ZL V/IiC, Z/L/’C"2 be con-
stant which leads to the following condition for the similarity
of two cylindrical discharges in one and the same liquid:

3
S S
oW bk (5.96)

We note that relationships (5.93)--(5.96) coincide with the

& In agreement with formula (3.43) for discharges corresponding to

a cylindrical model, the temperature T ~ (E/t21) LI M/s and there-
fore 1s identical for discharges with an identical value of M; for

discharres correspondins to a spherical model, T ~ M % A, that is,
it chanres slichtly with a chanre in 1t in the case of constant

M. The amount of pressure in the channel ~ M? and therefore is iden-
tical for similar discharges.
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results in [10), obtained on the basis of general methods of
similitude theory. ’

Bearing in mind also that the equations for a spherical
model do not depend on the parameter N we obtain that in this
case discharges are similar under the ccndition that the followe
ing two parameters are constant

t . ¢ 1
M-—" 7 ———-~ ——
/Tnll. ‘l_x_“ T e (5.97)

For discharges in one and the same liquid these criteria may
be rewritten in different form ’

M~ (& /.,3)‘1- ~uY L‘h‘c‘h’

* ie
: 2~/ T+ ~vven. (5.98)

Hence we obtain that, for example, two discharges, correspon-
ding to spherical models, are similar under the condition

e (5.99)

Similarity of discharges signifies not only agreement of the
dimensionless functions entering into formulas (5.16)==(5.19) and
(5.20)-=(5.22) and forrnulas similar to them, but also equality of
the absolute values of the gquantities characterizing the process
of channel expansion (pressure, rate of expansion, etc.), taken
at corresponding moments of time (identical x).

In addition, the characterlistics of the compression wave,
determined at corresponding points (with identical I/r or R /r)
at the corresponding moments of time,also prove to be equal.
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CHAPTER VI

HYDRODYNAMIC CHARACTERISTICS OF DISCHARGES.
COMPARISON WITH EXPERIMENTS

Section 1. Introduction

. The theory of electrical discharges in a liquid presented
in the preceding chapter makes it possible to calculate their
hydrodyamic characteristics if the mode of energy release in the
discharge channel is known. If we characterize the mode of energy

release by the dimensionless function f(x) = E(t)/E(t), where

X = %' and 1 is the discharge duration, then, as experimental re-
sults show, the form of this function proves to be practically
identical for discharges <c¢lose to critical. This circurfstances
imparts a certain unliversality *o the calculation of the dimen-
sionless hydrodynamic characteristics of a discharge, performed
for one form of the function f(x). The results of such a numeri-
cal calculation, performed with the use of formulas (3.1) and
(3.2), approximating the conditions of the release of energy in
the case of a critical discharge, are given below.

We note that these results may be used approximately in cal-
culating not only discharges close to critical, but also aperio-
dic and periodic discharges, if in the first case we introduce a
correction for the increase in discharge duration in comparison
with the value nV LC and in the second case acorrection for the
fact that only part of the stored energy CUZ/Z i1s released during
-the first half-period. Examples of the application of the approxima-
tion theory for calculating the hydrodynamic characteristics of
specific dischariyies presented above are given below,

We emphasize that we are speaking here only of the phenomena
during the condencer discharpe, where electrical current flows
along the “channel.

The hydrodynarie phonomrna in the subsequent stares of the
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discharge are not examined in this study. We note only that
the pulsating bubble formed as a result of a discharge in many
regards 1s similar to the gas bubbles formed in the case of
underwater explosion or in case cf cavitation (13, [2].

In particular, the pulsation process of a spherical bubble
at a great distance from the boundarles is described by the
formulas in Section 2 of Chapter IV from which follows the
simple relationship (4.28), connecting the pulsation period
of the bubble with the pulsation energy.

In the process of the pulsations, compression waves which
are easlly recorded experimentally are emitted when the bubble
slams s ut. This make it possible to determine the pulsation
period and then, by using formula (4.28), the energy of the
pulsating bubble iIn the case of a spherical discharge model,

Discharge; corresponding to cylindrical models create a
gas bubble differing frcem a spherical one and similar in form
to a cylinder with hemispherical ends. In the subsequent stages
of expansion such a bubble gradually acquir2ss a shape close to
spherical. The slamming of nonspherical bubbles, as motion
picture photography shows, 1s accompanied by losses in stability
of form. The bubble breaks up into several separate bubbles of
different dimensions, slamming shut at different moments of time
and as a result creating several compression pulses. The instabi-
1ity of the slamming process 1s expressed also by the significant
fluctuation of the pulsation periods of the bubbles created hy
discharges, identical with respect to electrical char~ ceristics.
Naturally, the connection between the energy of a bubble and the
pulsation period determined by formula (4.28) 1s very approximate
for cylindrical models of discharges.

The pulsaticn energy of a bubble, being equal to the product
of its maximum volume by the a:inunt of hydrostatic pressure, also
nay be det..rrincd by roasurine phnotocrant:s taken by filming the

A
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bubble against an illuminated background, According to experi-
mental data, the pulsation energy of a bubble, which arose as
the result of an e¢lectrical discharge, amounts to around 30%

of the total energy released in the channel,

Of the three principle hydrodynamic characteristics of a
discharge--the dependence of the channel radius on time, the
pressure in the channel and the pressure the compression wave--
the last two values are the most seﬁsitive to accuraay of calcu-
lation,since they depend not only on the radius of the chamnunel,
but also its derivatives with respect to time.

Measurement of the pressure in the channel, 1is, however,
quite a complex experirmental problem due to the presence of high
electrical voltage in the area of measurement., It is signicantly
simpler to measure the pressure in the compression wave radiated
by the discharge, Therefore this value is used in comparing
theoretical and experimental results.

Measurement of the pressure in a compression pulse usually
is performed with the aid of broad-band pressure receivers, They
may be of two types: recelvers in which the sensing element is
directly subjected to the actlion of the pressure to be measured,
and waveguide type receivers, in which the sensing element
reacts to the deformation wave arising in a long metal rod upon
the action of the pressure to be measured on 1its end; the lateral
surface of the rod in this case 1s acoustically insuiated from the
external medium with a metal tube.

Jensing elements of the plezoelectric type, made of plezocera-
mic of ferro-electric compositicns, for example of barium titanate
with vhe adaition of cohalt, or of TsTS-200 plezoceramlc, are the
i.u8'. sustable, If the pressure on the plezocell exceeds sevefal
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Fig. 6.1. Diarram of the construction of a hydrophone,

1 - ¢ylinder of plezoceramic; 2 - resin filling; 3, U - leads
to electrodes; 5 - single strand wire.

hundred atmospheres, it 1s necessary to apply protective sheathing of

the plezocell in order to avold nonlinear distortions. Plezc-

cells in the form of cyvlinders around 3 nm in dlanreter

and with a wall thickness of 0,3 mm have a capacitance of arcund
1000 nf and veryv low natural f{requency of around 0.5 mEz. In

the case 27 an innut reslistance ¢f the csclllorrapn of mesachms, the
receivinz channel malkes 1t pnssible to reproduce pressure pulses
lastins fronm 10'3 to 10'5 second on the oscillograph screen with-
out significant distortions,

In receivers of the first type (Fig. 6.1) the plezocell is
attached to the end of a craxial holder with the aid of an elastic
resin, The elactic attachment is necessary in c-der that the
elastic waves vhich arise in the holder upon the action of the com-
pression pulse on it are not transmitted to the plezocell. It 1is
necessary to turn our attention to the followins factor. The dis-
placment sneeds of liquld particles are ireat in a compression
pulse of rreat amplitude., The draé on the plezocell by the liquid
causes the appearance of mechanlcal stresses of inertial origin in
the piezocell, If the plerocell has less sensitivity in the
case of cubtic compression than in the case of unilateral compres-
sion, the result of pressure rieasurement proves to be inaccurate
in the casce where calibration of the piczocell was performed in
the zbscnce of unilateral conpression. Because of 1ts axial

svrretrr o e igdrlienl plezoeell I5 not sensttive to corprecnsion
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in the direction perpendicular to its axis, Therefore, in the
case of the action of a compression pulse in this direction it
reacts only to cuble compression. A plezocell In the form of a
plezoceramic cube or disc may give incorrect information on the
pressure in a compression pulse if it is calibrated by cublc
compression,

Fig. 6.2. Diarram of the construction of a waveguide type
hydrophone,

1l - waveguide; 2 - pilezocell; 3 - screenins tube; 4 - filament.

In receivers of the waveguide tyre (Fip, 6.2) the cylindri-
cal plezo element is mounted on the waveguide and rigidly attached
to it. The distance between the free end of the wavegulde and
the plezocell must be no less than half the length of the pulse
in the material of the waveruide 1n order that a reflected pulse
not be superimpised on a direct one.- It is necesary to create
a good acoustical coupline between the wavegulde and the screen-
ing tube. For this 1t is sufficlent, for example, to wind the
waverulde with a half millimeter wool thread at a spacing of
1 em. The stuffing box at the working end of ‘the waveguide
blocking wa ter from entering the screening tube and at the same
time not ecreatings & strong acoustical connection between the
screening tube and the waveruide, 1s an important element. The
absence of transmission of compresslion pulses to the waveguilde
when a metal objeet strikes the screening tube and the end of the
stuffine bny srrves as n medqure of the smallness of this connec-

tion. A okt 0 o stut e bor 1o shown In Mie, 6.3,
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Pig. 6.3. Sketch of stuffing box.

1 - Union nut; 2 - moveablz sleeve; 3 - rubber ring; 4 - end of
wavegulde.

Calibration of receivers of the firsc type may be performed
in air, for example by the action of stepwlse pressure pulses
of known value on the plezocell. For this the piezocell 1s placed
in a chamber of as srall diameter as possible, separated with the ald
of a breakable di~~hragm from a chamber of liarge volume 1in
which there 1is air under a known pressure,

Fig. 6.4, Sketch of calibrating device.

1l - Tnsertion openinr; 2 - larre chamber; 3 - small chamber; 4 - film
div’ding the chambers; 5 - pressure receiver to be calibrated;

6 - knife cutting film vpon the rot”tion of nut 8;7 - rin"-shaped
pircnesll o Lt vomin s eogetloreph,
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Fig. 6.4 shows a sketch of a device for calibrating pressure
receivers of the first type. Fig. 6.5 shows an example of a
pressure oscillogram recorded during calibration. The damped
oscillations superimposed on the exponential component of the
electrical voltare are seen in the oscillogram. These oscllla-
tions are connected with the transition process which appears
when the diaphragm breaks. These oscillations must be averaged
in determining the sensitivity of the receiver., The constant

of the exponent is deternined by the size RC of the receiving chan-
nel . For a plezocell of 1000 nf capacitance and the input
resistance cof an IC-4 oscillograph it amounts to arcund 10 msec.
A typical value of the sensitivity of receivers of the first type
with a plezocell sheathed with a fillling <f epcxy resin 1is
usually around C.3 V/atm.

It 1s convenient to perform calibration of waveguide receiver
by the methcd cf rod collisions. For the calibration a rod-calibra-
tor is rade of the same material as the waveculde. The ends of
the wavrezulde 2nd the rod are polished so that the maximum pressure
upon collisicn 1s reached as rapldly as possibie.

Fig. 6.5. Calibration oscillogram for a hydrophone.

The maximum pressure acting on the ends of the waverulde and
rod is determined accordinys to the fornula

»
p=pey,
(6.1)
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where pc is the wave resistance of the material of the rod and
the wavegsulde; v 1s the collision speed determined according to
the formula

v= Vi (6.2)

where r 1s the acceleration of the force of gravity; h is the
helysht from which the rod is dropped.

The lenith of the rod 1e& chosen so that the maxirum pressure
at the point of contact of the rod with the waveguide 1is set
during the ccllision. Usually the setting time for steel rods

5

2 mn in diareter is around 15”7 sec. Fig. 6.6 shows an example of
a calibration oscilllosgrar for a wavesuide receiver.,

Pig. 6.6, Calibration oscillogram cf a waveguide peceiver.

The first pressure pulse arlsing upon the collision of the rods,
and the rareraction pulse following it reflected from the free

end of the waveulde, are seen in the oscillogram. In order to
separate these puloes it 1s necessary to move the biezocell from
the free =<nd of the waversuide to a distance greater than the.
lenpth of the rod. JSometlmes small disturbances caused by the
rofloct jrn of valaer pns:inr alonr the wnvermulde from nonuntformi-

ty of the cross scetion of the wave julde  caused by the pienocell
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are seen on oscillegrams. The sensitivity of wavegulde receiver
amounts to several hundredths of a volt in the atmosphere.

The accuracy of measuring pressure with receivers of the
types described above is 10%.

Section 2. Discharyges corresponding to a spherical model.

The function f(x) (curve 1, Fig. 3.12), corresponding to
an approximaticn of the power of an isosceles triangle, was used
for integrating the systenm of equatlons (5.14) deseribing the
expansion of the channel of a spherical nodel,

The initial conditlons were chosen out of the followirg con-
siderations,

The photcirams of channel ezpansion examined show that the
initial values of the channel radius and the rate of its expansion
are at least one order of magnitucde smaller than the characteristic
values of these quantities in the discharge process. Therefore,
numerical integsration of system (5.14) was performed for different
initial values of Yo and Zgs small in comparison with unity. It
proved to be the case that an arbitrary selection of the initial
values of these quantities does not have a significant influence
on the results cf inteiration under the condition that y0<]. and
zo<].. Physlcally thls is explained by the fact that the law of
channel expancion 1s determined chiefly by the conditions of energy
release in the channel, and not by the initial conditions. The
results of a calculation for Yo = 0.03 and zg = 0.00001 are presen-

ted below.
Table 6.1 gives values of the functions necessary for calcula-

ting the hydrodynamic characteristics according to formulas (5.16)--
(5.22). '

-176-




o e A e Yot e g g e s w e

We recall that y(x); g r(x)/y?,and T (f(x)/ys)-z2/2yu

represent the time dependences of the channel radius, pressure
in the compression pulse,and pressure in the channel in dimen-
sionless form. ’

The results of the calculation, presented in Table 6.1,
also are depicted in Fipfures 6.7, 6.8,and 6.9 by curves 1. As
was mentioned in Section 2 of Chapter III, the normalized func-
tions of energy release f(x) differ somewhat from each other. The
difference betueer them 1s approximately the same as that between
the curves obtained as a result of 1integration of the time
dependencies of power, approximated by an 1sosceles trianple and
a triangle the heirht of which 1s displaced from the refer-
ence point alon;s the x axls by one~third of the base,

TABLE 6.1 .

‘s NAx) s v F 4 L4
[ ] .0 0 ] o
X 002 | 005 ] 0,178 | 0,633 | 3,52
02 | o000 | 0,19 | 0,310 | om3 | 9.0
0,3 0,150 0,210 0,428 0,978 1.6
0,4 0,120 0,314 0,5 1.0 1,4%

. 0,5 050 | 0,420 | 6,645 | 1.0 1.3
06 0,080 0,554 | 0,746 | 1,22 1.15
0,7 0,820 0,674 0,843 1.45 0,92
0.8 0,020 0,784 0.7:15 1,05 0N
0,9 0,9%0 0,881 £,020 0,939 0,5
1,0 *1,000 0,98 1,400 0,R21 0.43

In order to explain what the depgrce of applicability of the
approximation of the function f(x) used is, Fips. 6.7, 6.8,and 6.9
represent graphic depictions of the curves 2 of the functions y{(x),
(f(x)/y3)—-42/?yu,and f(x)/yQ, calculated with the uce of an
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approximation of the power curve by a non-isosceles triangle.

In Pig. 6.7 1t 1s obvious that y(x) where x = 1, that is, when
t = 1,is close to 1.1 with any of the approximations of f(x)
taken and, consequently,. to within this coefficient,; according
to (5.16),the radius of the channel at the end of the discharge
is equal to RO.

In exactly the same way the function t(x)/y2 is not very
sensitive to the cholice of approximation, At the maximum it is
equal to approximately 1.2—1.3. Thus, the maximum pressure in
the compression pulse, according %o (5.12), is equal to the
product of this coefficient by the value pORgltzr, determined by
the square of the mean rate of expansion of the channel, taking
account of the spherical divergence.

In contrast to the dimensionless radius and the pressure
in the compression pulse, the pressure in the channel proves to

‘be highly dependent on the choice of approximation fer f(x) in

the case of small values of the arguhents (x<0,.,2) due to the
presence of the term f(x)/y3 in the expression for the pressure
in the channel. This factor makes calculation of the pressure
in the channel at the beginning of the discharge unreliable and,
in particular, does not permit determining the maximum pressure
possible in the channel. In view of this the pressure in the

- channel was calcula ted using other, more precise approximations of

f(x) for a spherical model of a discharge. An approximation of

" the experimental dependence of energy on time with a tenth power

polynomial was taken as the first such approximation. The result

is shown in Fig. 6.8, curve 3. 1In the same place curve 4 shows

the pressure in the channel calculated accorging to f(x), obtained
from an approximation of the power curve by a compound curve: by
the parabola to x = 0.3 and by an isosceles triangle from x = 0.1 to
x =1, On\the basis of the data obtained it 1s possible to conclude
that the maximum value of the dimensionless function determining
the pressure in the channel 1s close to 2.
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It is necessary to know the value of the integral in formula
(5.23) in order to determine the amount of efficiency. Calcula-
tions show that for any of the approximations of f(x) used this
integral is practically equal to unity. )

Now we shall present several examples of the calculation of
the hydrodynamic characteristics of discharges, the parameters
of which are given in Table 3.5.

0
&
&t
4

.7

Pig. 6.7. Dimensicnless radius of a
channel as a function of time.

Curve 1 corresponds to an approximation
of the energy release conditlions by the
function f(x), formula (3.1); curve 2--
by the function fl(x) (formula 3.2).

Pig. 6.8. Dimensionless pressure in a
channel as a function of time,

Curves 1, 2 and 3, 4 correspond to an
approximation of the energy release
conditions by the functions f(x), and
fl(x) and empirical relationships

respectively.

Fig. 6 9. Dimensionless profile of
the pressure in a comnression wave 1] T
radiated by a channel.

Curve3 1 and 2 correspond to an
approximation of the enerry release
conditinns by the funetions f(x) and
fl(x).
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As 1s seen from the Table, discharges Nos. 1, 2 and 3 satisfy

the condition of applicability of the model of a spherical dis-
charge (1< Ry <A ); discharge No. 4 is at the limit of applica-

biltiy of thls model. '

Discharges Nos.l, 2,and 3 were produced on the surface of
& rigid plate on electrodes made flush with its surface; the _
shape of the channel in the discharge process in these cases is
close to hemispherical, which must be considered in a calcula-
tion (see the footnote at the end of Section 2 of Chapter V).
Discharge No. 1 was initated with a corona discharge in the
electrude gap created by an auxiliary electrode. In this case
in a gap of 7 = 0.3 em for 50-106 sec,E = 510 J of energy was
released. By using formulas (5.16)-(5.22) and Table 6.1 we
obtain that the radius of the channel at the end of the discharge
was R~ 1.2 cm, which means that the mean rate of its expansion
is equal to U =~ 2.ﬂ-10u cr/sec. The pressure in the discharge
channel P reached aprroximately 1000 atm., and the maximum pres-
sure in the compression wave at a distance of 50 cm from the dis-
charge was 13 atm; a theoretlcal profile of the compression wave
is depicted in Fiz. 6.10 by curve 1, Curve 2 in the same figure
shows the experimentally determined shape of the signal. The
broken nature of this curve 1s due, evidently, to the excitation
of oscillations of the reflecting plate and the pressure pickup
under the action of the compression pulse. The energy of the
compression wave, according to formula (5.28), is approximately
12% of the energy released in the channel.

Fig. 6.11 shows the dis tribution of the hydrodynamic velocity

v in the compression wave calculated according to formula (5.21).
Curves 1 and 2 of the figure correspond to the first and sgcond,"

terms in this formula.

Fip. 6.12 shows the time dependences of the enerpy of the
plasma 1n the channel, the expansion work A,and the acoustlc energy
removed by Lho ecomrression wave ch calculated according to the
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Fig. 6.12. Energy balance
for discharge No. 1.

wac is the emitted acoustic

energy; A is the expansion
work of the channcl; W 1s
the intrinsic energy in the
channel; F(x) is the total
2nergy released in the
channel. The sum of A and
W 18 represented by the
dotted curve,

&8 ' 6l L usec

Fig. 6.10.

Dependence of the pressure

in a compression pulse on time for

discharge lio. 1, Table 3.5.

Fig. 6.11,

Distribution of hydro-

dynanmic velccity in the compression

wave, the pressure profile of which 1is

shown in 6.10.

formulas (5.18), (5.19),and (5.22), and also the time dependence
of the enerry released in the channel, assuming for purposes of

calculation E(x) = f(x)E.

-

The sum W + A is represented by the dotted line and its
differen~~ from E(x) characterizes the..error of calculation
nature oft the solution of the initial

sulin- Sron i

approsirate
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-was U =& 2.8-10u

is seen the amount of error does

energy balance equatlion. As
not exceed 20%.

Discharges Nos.2 and 3 differ from discharge No. 1 by the
smaller length of the discharge gap, which broke down directly
with the working voltage. As is seen from Table 3.5, 376 J of
energy was released in discharge channel No. 2 after 30:10" ° sec.
The channel radias at the end of the discharge was equal to
R~ 0.9 cm, the characteristic rate of expansion of the channel
cm/sec and the maximum pressure in the channel
P ~ 1600 atm. The maximum pressure in the compression wave p
at a distance of 100 cm from the discharge was approximately equal
to 8 atm, A profile of the compression wave at this distance is
3hown in Fig, 6.13.
The energy of the compression wave is around 137 of the energy
released in the channel.

The hydrodynamic characteristics of discharge No. 3 are close
to those cited above for discharge No. 2. A profile of the com-
pression wave at a distance of 100 cm from this discharge 1s shown
in Fig. 5.14, The calculated electroacoustic efficlency of the
discharge is 13%, and thne efficlency determined according to the
experimentally recorded signal shape is 10%.

In conclusion we shall examine discharge No. 4 (Table 3.5)
whizh differs by the great amount of energy stored in the conden-
sors--169 kJ [1). The discharge was initiated with a wire 7.5 cm
long. The discharge duration and the amount of energy released
in the channel are not mentioned in [1]. If we assume that all
the energy of the condensor battery was released during a time
of 1400-10.6 sec in agrreement with the experimental duration of
the compression wave, then for a discharge No. 4 we obtaln:
R=»7.5¢cm, U= 1.7-10“ cm/sec, P » 600 atm, p » 26 atm, and the
efficiency 1s 9%, Theoretical (curve 1) and experimental {curve 2)
profilen of the compresclion-wave at a distance of 90 cm from the

dischar;e are shoun In Fip., 6.15,
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The dependences of the maximum pressure in the compression
pulse on the initial voltage and on the capacltance of the eonden-
ser battery, expressed by the number of condenqe?s in the battery,
were calculated for the same discharge. The theoretical dependence
of the maximum pressure on voltage is shown in Pig. 6.16 by the
80l11d line; the results of measurement are indicated with crosses,

Aetm

i ok i i 4" .
N 20 20 W J0ilusec
(Y1) -

Fig. 6.13. Compression wave pressure
profiles for discharge No. 3.

Fig. 6.14, Theoretical (1) and experi-
mental (2) compression wave pressure
profiles for discharge No. 3.

Fig. 6.15. Theoretical (1) and ex-
perimental (3) compression wave pressure
o profiles for discharge No. 4.

& R0 200 307 I pusec

The solid line iIn Fig, 6.17 depicts the dependence of the maximum
pressure In the compression pulse on the number of condensers in

the battery; experimental data are indicated with the crosses and
¢ircles., -~ '

Vo shall now firn our attentien to a factor cormon to all
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Fig. 6.16. Dependence of maximum pressure in the compression
pulse on the initial voltage. Solid line--theoretical dependence;
Circles--experimental data.

Fig. 6.17. Dependence of maximum pressure in the compression
pulse on conderiser capacitance,

cases examined, While the absolute value of the maximum pressure

in compression pulses is in quite pood agreement with the calculated
value, it is mpossible to say this relative to the ‘final stage

of the compression pulses., Here it is always observed that the
calculated pressure significantly exceeds, by approximately two
times,the experimental pressure for corresponding moments of time.
Rapid cooling of the plasma in the discharge channel may be a
possible cause of the phenomenon.

Section 3. Discharges Corresponding to a Short Cylinder
Model.

In order to go from spherical discharges to discharpges
corresponding to a short cylinder model, it :.: necessary to increase
the lenrth of the channel so that 1t, while remaining shorter than
the length of the compression pulse, exceeds the radius of the
channel. Discharges Nos.5-10 in Table 3.5 satisfy these require-
“ments. The relatively rreat lensth of the channels of these dis-
charpes, while still remaining shorter than the emitted compression
pulse, is achieved as a result of using relatively low voltare dis-~
chargcens with 2 worlidng pressure of several kilovolts, initiated
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with thin tungsten wires 0,04 mm 4n diameter. All discharges
mentioned were produced in free space, that is, far from the
tank walls and without the use of any reflecting elements. The
electrodes had a small diameter in comparison with the length of
the compression pulse and could not introduce any significant
distortions in the acoustic field created by the discharge.

The acoustic field crcated by discharges corresﬁonding to a
short cylinder model no longer have spherical symmetry; the com-
pression pulse emitted by the channel in the longitudinal direc-
tion relative to the channel axis 1s of less ampiitude and greater
duration than for the transverse direction due to the spatial lag
of the disturbances created by separate sections of the chaunnel,
Therefore, comparison of experimental and theoretical results will
be performed for the direction perpendicular to the axis of the
channel. The results of nurmerical intecration of system (5.39)
are no longer completely uriversal, as it was in the case of
spherical discharges. Universality 1s lost because of the presence
of the ratio Z/Ro.cccurring after the logarithn sign, in the first
equation of system (5.39). However, the slight dependence of the
solution of system (5.39) on the ratio I/R makes it possible to
apply the results of integration obtained for a specific value of
this ratioc to discharres with another value of I/R0 without sig-
nificant error. The results of intepration of system (5.39) for
/Ry = 6, yg = 0.1,and z = O are presented in Table 6.2. The
experimentally investigated discharpes, corresponding to a short
cylinder model, had a value of Z/R0 close to that indicated
above. As in the case of spherical discharges, an arbitrary choice
of the initial value of Yo under the condition that yo<1 has an
insignificant influence on the gesults of calculation,

The function y(x) 1s shown in Fir, 6.18 by the solid line and

the symbols here refer to the experimental dependences of the
channel radiua on time, recorded qn an SFR-1 hirh speed photorraphic
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recorder and reduced to dimensionless form.

TABLE 6.2

s’ ) s v b} & 1 3
[ 0 (] 0 ] (]
0,4 0,.m 0,018 0,104 0,70 .M
0.2 - 0,08 [1 X1 > 0,145 1,02 3,60
0.3 0,18 0,202 0,225 1,08 3,15
04 0,32 | 039 | 0310 | .07 2,67
0,8 0,5 0,417 0.418 1,07 2,8
0.6 0,68 0,53 0,518 1,03 2.2
e,? 0,82 0,622 0,610 0,742 1,03
o8 0.7 0,711 0,719 0,839 1,20
0.9 0,9 0,70 | 0,817 0,437 |} 3,00
1,0 1,00 | o8 | 0912 | 0,638 | 0,78

3
ol ' o}
u n%
o s

o byl )

7 A a5 45 e
X @

Fig. 6,18, Dimensionless channel
radius as a function of time, é 4 ¥} - )
So0lid curve -« theoretical depen-
dence; symbols - experimental data
for discharyes No. &5, 6, 8, 9
Table 3.5,

Fig. 6.19, Dirrnsionless pressure
in the channel g5 a function of
time.

Fig, 6.20, Direncionless pressure
on the corprecslion wave,
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Graphs of the functions [t‘(x)/yz- z2/2y21 and f(x)/yzln(llﬂoy),
characterizing the shape of the radiated compression pulse in the
direction perpendicular to the channel axis and the pressure in
the channel in relation to time are plotted in Figs. 6.19 and 6.20.
These functions must be multiplied by the corresponding dimensional
coefficients according to formulas (5.42) and (5.45) in order to
obtain absolute values of the hydrodynaﬁic quantities.

We note that the dimensionless functions depicted in Figs.
6.18, 6.19 and 6.20 are 1ittle sensitive to the choice of the
approximation for f(x) both in the case of the short cylinder

under consideratior as in the case of & long cyvlinder which will
be examined in the next sectlion,

Astm ) . Aetm
af »

hote see

Pig. 6.21. Theoretical (1) and experimental (2) compression
wave pressure profiles for discharse No, 7,Table 3.5 in the direc-
tion perpendicular to the channel axis,

Pig. 6.22. Theoretical (1) and experimental (2) compression wave
pressure profiles for discharge No. 10, Table 3.5 in the direction
perrendicular to the channel axlis.

We shall now pive some examples of the calculation of the
hydrodvnamic characteristics of discharges corresponding to a
short cy]ipder rnodel. For discharre llo. 7 we have (see Table 3.5):
lenpth of the discharpe gap I = 6 em, discharye duration tv = 53'10"6 sec,
enrrry relcased E = 2260 J. Usinr the formulas in Section 3 of
Chepe ¥ ond Moble 6,7 we obtadn that the channel radlug at the end of
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the discharge R ~ 0.9 ¢m, the characteristic rate of expansion
Us 1.8'10u cm/sec, and the pressure in the channel reaches a
value of P ~ 1200 atm. The maximum pressure in the compression
wave in the perpendicular direction at a distance of 100 cm from
the channel amounts to P = 12 atm. A profile of the compression
wave at this point is shown in Fig. 6.21.

The electroacoustic efficiency of ‘a discharge may dbe calcu-
lated according to forrulas (5.46) and (5.47) 4f we bear in mind
that the integrals in these formulas, calculated according to
the data in Table 6.2, respectively are Jy = 0.83; J, ® 6.6.

For discharge No. 7 we obtain: n,.. ... *® 14%; Ny = 12%. As a
second exarple we shall examine discharge No. 10. The great
power of discharse No. 10 in compariéon with discharge No. 7 1s
achieved with the use of a low inductance discharge circuit (IMM-
5-150 condenser and a suoply circuit of seven parallel type RK-6
cables 120 cn long) and with the use of a channel up to 3 cm in
length, which shortened the duration of the discharge to

3'10'6 sec with alros:t the same amount of total energy released
in the channel--zpproximately equal to 2500 J as in the case of
discharge No. 7. The channel radius at the end of the discharge
R = 0.8 em, the characteristic rate of its expansion U = 2,9:10
em/sec and the maximum pressure in the channel P = 3000 atm,

The peak pressure in the compression wave at a distance of
100 em from the discharge in the direction perpendicular to the
channel axis p ~ 14 atm. A profile of the compression wave at
this point of observation is shown in Fig. 6.22.

It is obvious that the experimentally recorded shape of
the profile, as opposed to the theoretical shape, has a shock
frbnt and a higher peak pressure. Several possible causes of
this difference may be mentioned,

In the first place, for discharre No. 10 the ratio U/R 1s
approzis-ately two tineg 1ess than the value of this pararmcoter
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taken in calculating Table 6.2 to be used for calculation., This
eircumstance led to an underestimation of the calculated amount
of pressure in the compression wave of aparoximately 1.2.

In the second place, the form of the function f(x) used in
the calculation only roughly approximates the real law of energy
release.

Further, the higher value of the effective adiabatic index
in cormparison with the mean value v = 1.26 used in calculation
corresponds to the comparatively high pressures and temperatures
in discharg= channel No. 10. As is clear from the formula for
the pressure in a compression pulse, higher pressures correspond
to higher values of y. This is another reason why the calculated
compression pulse turns out to be smaller than the experimental
value, .

The hydrodynamic characteristics of discharge No. 10; as of
all precedingz ores, were calculated under the assurmption of a
slow rate of channel expansion in comparison with the speed of
sound. An estirate of the rate of expansion as the ratio Ro/t
gives for discharpge No. 10 a value of 0.2co s Where o 1s the
speed of sound, Judging by the experimental results for such
rates c¢f channel expansion it 4s already necessary to take account
of the compressibility of the 1liquid in calculating the channel
expansion and to consider nonlinear effects in describding the
proparation of compression pulses, In Section V we shall compare
the results of a calculation, performed taking account of nonlinear
effects, with experimental data obtained for discharge No. 10.

Discharge llo. 10 has one more peculiarity. As an analysis
of the photograms showed, the rate of expansion of the sections
of the channel necar the clectrodes is hirher than in the central
part of the channel, Time-lupse filming with the SFR-1 revealed
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that the shape of the channel of discharges with a short chénnel
length resembles a dumbbell formed by the merpging spherical
electrode sections. Fif., 3.15 shows one of the frames of a photo-
graph of this type of channel corresponding to the final stage
of the discharge.

Section U4, Discharres Corresrondinc to a Long Cylinder
Model.

High voltage discharges fed from storage devices of compara-
tively low capacitance usually correspond to long cylinder nedels.
The workins voltaces amount to_no less than several tens of kilcvolts,
the condenser capacitérce is on the order of several microfarads,
the lenrsth of the electrode map 1s no less than several centimeters,
and the inductance is several microhenries. ‘

With such paraméters of the discharre circuit, as is shown
by experiment, the discharge proceeds in ciose to critical condi-
tions. The length of the compression pulse radiated in the direc-
tion perpendicular to the channel axis does not exceed the length
of the channel, and the radius of the channel at the end of the
discharge loes not exceed the length of the compression pulse,.
that is, the inequality R< A < 1, characteristic of a long cylinder
model, 1s fulfilled.

Discharfres of this type 1n poorly conducting water are initi-
ated by the hirh voltare breakdouwn of the electrode gap, and in
highly conducting water by wire bridges.

Discharres corresnonding to a long cylinder model create a
spatially very nonuniform acoustic fleld: the shape of the emitted
compression pulse, Its duration and amplitude, rreatly depend on
the anrle between the axis of the channel and the direction co the

point o ol marent?ay,,

-192-




_de shall now turn to an examination of the results of the
numerical integration of system (5.52). A solution of this system,
88 in the case of a short cylinder, depends on the parameter
characterizing the geometry of the model, in the given case on
the value ct/Ro = a,

TABLE 6.3

. 1tx) s » » L 3

] ] ent 1 0 . A
o1 oM 0.8 0. 1,02 3,08
e | X! ] 0.18 0,18 (X ] 1.8
3 [ XK 023 024 0,% 1,7
' X Y ] 37 38 o.M 1,73
.i‘ .'” o.“ oo“ .l” tou
(X 0,68 0,58 0,58 088 1.59
0,7 22 0.64 0.67 0. 1.3
o8 9,93 0.7 0.77-1 06 .
0.9 0.9 o 0,07 0,37 0.9
- 40 1.0 e 0.9 X1} [ N/

e oy

© peame wpseee e -

Fip. 6.23. Dimensionless channel radius as a function of time,

Pip. 6.24,. Dimensionless channel pressure as a function of time,
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However, this dependence is not great, since this parameter alsoc is found
under the logarithm sipgn. Changing it by two times causes practi-
ecally no change in the solution of system (5.52). Integration of
the system (5.52) was performed for the initial vlaues 0.03 and
Z * 0.01. The value 2cr/Ro is chosen as equal to 10 in agreement
with difficult experimental results.

Table 6.3 presents values of the dimensionless functions
y(x), lf(x)/yz-22/2y2],and f(x)/yzln(Zch/Roy), characterizing
the time dependence cf the channel radius, the pressure in the
compression pulse radiated by the channel In the transverse direc-
tion, and the pressure in the channel. These functions are repre-
sented graphically in Firs. 6.23, 6.24 and 6.25.

satm
2
Pn/y’ a2
n
I/
!
I‘
] .
2
’ J
’ ;i /f
I A 4\ 'l \
e 3 AT & 25 ipsec

Fig. 6.25. Dimensionless profile of the pressure in the direction
perpendicular to the channel axis. \

Pif. 6.26. Calculated (1, 3) and experimental (2, 4) compression
wave profilec for discharre No. 16 in the directions perpendicular
(1, 3) and lonritudinal (2, 4) to the channel axis.

Discharge No. 16 (see Table 3.5) is a discharge corresponding,
to a lonr cylinder model,
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In this case an energy of E = 160 J was released in a dis-
charge channel of the length = 3.5 cm after 5-10’6 sec. The
channel radius at the end of the discharge was R ™ 0.16 cm, the
rate of expansion U = 3.3~10~ cm/sec,and the maximum pressure in
the channel P ~ 2300 atm.

Pig. 6.26 shows the shape of a compression wave, calculated .
1 and measured experimentally 2, corresponding to the direction
perpendicular to the channel axis and to a distance equal to
100 cm from the channel, Calculated 3 and experimentai 3 compres-
sion pulses for the longitudinal direction also are shown here,
As should be expected, the greatest discrepancy occurs between
the theoretical and experimental pulses corresponding to the
direction perpendicular to the axis (respectively 24.5 and 8.1 atm),
while the pulses for the longitudinal direction do not differ so
significantly (3.4 and 2.5 atm). The cause of the great difference
between the theoretlical and experimental pulses for the transverse
direction, as was mentioned, is the crookedness of the channel and,
in addition, possibly, the influence of the increased absorption
due to the quite high pulse amplitude.

We calculate the electroacoustic efficiency of discharge No. 16
according to formula (5.65). If as an approximating curve for the .
transverse pulse we choose a Gauss curve with a constant decay,
equal to 0.71, where T i1s the discharge duration, then n ~ 29%,

The experimental value of the electroacoustic efficiency is found
in the following way. Oscillography of the compression pulses

is performed for different angles of observation relative to the
channel axis and the compression pulse energy per unit area for
each direction 1s determined. Then, considering the axial symmetry
of the compression pulse fleld, the enerpy which has passed throurh
zhe spherical belts encompassing the chosen directions 1s found.
The sum of these enerries, relative to the enersy released in the
channel, rives the experimental value of the electroacoustic effi-
ciency. UYsually, the experimental value of the erficlency amounts
to 16=-207. As wias ceen In examining the spherical model and the
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short cylinder model, the experimental values of the electro-
acoustic efficlency always were less than the theoretical values.
In the case of a long cylinder mod2l this difference is much more
noticeable. Here araln the effect of the crookedness of the
channel adds to inaccuracy of calculation. "Mis-phasing" the
elementary compression pulses lowers the amplitude of the compres-
sion pulses. In this case the area of the combined pulses is
retained, but their enerry is reduced sipgnificantly because of
the quadratic devendence on its pressure. Because of the reduc~
tion of the acoustic part of the work perforrmed by the channel,
the kinetic enerry of the diverging flow of liquid increases.

Section 5. Spherical Model of a Discharre with High
' Rates of Expansion of the Channel

The basic equations describing a spherical model of a dis-
charge with high rates of expansion of the channel, when it is
necessary to consider the influence of the compressibility of the
liquid, were presentéd in Section 5 of the preceding chapter
(formulas 5.68-5,.74).

In this section we shall examine the results of numerical
integration of these equations. In integrating, as before,it is.
assumed that the mode of energy release 1is described by function
(3.1), corresponding to a "triangular" approximation of the dimen-
sionless power f(x), in the right hand pa:t of equation (5.68)

4z Os:zs:-}
lo=lig-n -z (6.3)
| 1<<r

First of all we note that the system of equations (5.68)-(5.71),
describing the process of channel expansion, contains one dimension-
lnss napsoet op=et b W purber,  Tn oaddition to this, the equation
(5.72)=(5.74%) deseribins the compression waver  contaliln another
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parameter--the reduced distance to the point of observation Ro/r.
These two parameters may be conslidered to be similitude criteria
in the sense that all discharges corresnonding to a spherical
model,taking account of compressibility characterized by 1ldenti-
cal values of these two param=ters, are described by identical
equations. This circumstance imparts a certain universallty to
the calculation.

The results of calculation fcr three values of the M number
where RO/r = 10"2 are shown in Table 6.4 and in the graphs in
Pigs., 5.27-6.29.

Fig. 6.27 shcws the dependences of the dirensionless channel
radius y = R/R0 on the dirensionless time x'= t/1 for 1 = 0.12
(curve 1) and M = 2 (curve 2).. As 18 seen, the result of calcula-
tion chanres 1ittle with a chanrme In the M nurber, whith indicates
that the influence of comrressibili<y is small. This property of
the calculaticn z2lso 1s mz2nifested in calculatineg the pressure in
the discharge channel; the dimensionless value of thils quantity
as a function of the dirensionless time for M = 0.12 (1), M = 1 (2),
and M = 2 (3) 1s shown 1in P'ig. 6.28.

Pig. 6.29 shows the results of a calculation of the function
g(x) which plays an important role in calculating the compression
wave enitted by a discharge. Actually, the pressure in a
compression wave 1s described bv fornmula (5.78), ,_h?’?‘(z),
80 that it 1s obvious that the function g(;) characterlizes the
profile of the wave radlated by a discharge. )

It is sifnificant to note that, although the form of the func-
tion r(x), as is seen from Fip. 6.29, chanpres comparatively slirhtly
with an incrense in the M number, which points to the insignificant
influence of the compressibility of water on the process of the
expansion of a channel even iIn the case of supersonic rates of 1ts
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TABLE 6.4

w0,03; fom=
0,12 W= 0.0: fo=0. .
v v 4 ] '}
0.10 0,186 1,5 2,49 12,7 1,668 -
0.2 0,324 1,29 1.89 12,8 0,878
0,2 0,418 1,19 1,6t 12,9 1,03
0.0 0,564 1,12 1,45 13, 1,10
0,5 0,673 | 1,07 1,32 13.4 1,27
0,60 0,778 1,02 1,15 13,2 1,2
0,70 0,877 0,962 0,97 133 | 1.3
0.80 0,97t 0,903 0,764 13,4 1,13 ‘
0,90 £,00 0,855 0,609 13,5 1,02
0,00 1,44 0,772 0,479 13,6 0,800
14 " 11,22 0,743 0,353 1.7 0,796
1.3 1,20 0,701 0,313 138 © 0,5
1.3 1,3 0,664 0,202 13,9 0,623
1.4 .42 0,632 0,223 15,0 0,59
1.8 1,48 0,603 0,193 14,1 0,551
‘-"n
0,1 0,183 1.48 2,02 117 0,557
0.2 0,12t 1,% 1,905 115 0,790
0,3 0,415 1,20 1,0% 114 4,892
0.4 0,52 1,13 1,15 113 1.
0.3 0,673 1,09 1,02 " f.11
0,6 0,770 1,03 1,15 12 1,14
0,7 0,877 0,951 0,9%4% 12 . 1.8
0,8 0,969 0,477 0,708 113 1,00
0.9 1,05 0,506 0,619 114 0, m4
1.0 1143 0,739 0,49 115 0,792
1.4 1.2 0,683 0,402 118 0,714
1.3 1,27 0,030 0,37 117 0,642
13 1.3 0,50 0,294 17 0,558
1.4 1,29 0,53 0,251 118 0,541
1.5 1,44 0,530 0,22t 18 0,503
1.6 1,49 0,5 0,198 9 o4n
1,7 1,54 0,47 v,178 it9 0,443
1.8 1,59 0,47 0,162 119 0,419
1.9 1,64 0,454 0,148 120 0,398
3.0 1,68 0,438 0,137 120 0,380
M=20
0.1 o4 1,43 2.9 210 0,497
0.2 0,34¢ 1,20 2,16 201 0,673
0,3 | 0,43 1,16 £.81 196 .82
0,4 0,54 1,10 1,60 1 o, Y
0,5 0,654 1,06 1,45 189 {KLT
0,6 0,70 0,097 1,26 183 1.63
0,7 N, 854 0,26 {04 19 (Rt}
0.s 0,439 0,854 0,842 93 .j 0902
(IR 1,02 LUK (LN TP 195 807
1.0 t.? "7 (el 1 (DA

g:producud from
st avallable copy.
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s [ ] v v [ 3 ot [}
'K 1.7 065 | w489 ag 0.65%
- 1.2 1,23 0.62) 0,398 6 0 504
1.3 $1.29 0,542 v,314 as 0,515
t 1,3 0,50 0,21 210 0.5
1.8 1,40 0,522 0,211 213 e.170
1.8 1,43 0 Aam 0,315 214 [ W93
1.7 §,5% 0,430 " AN U8 0,416
1.8 1,55 0,50 0477 216 0.9
1.9 1.59 0,444 0,162 218 0,373
2.0 1.681 0,425 0,149 219 0,558

expansion, the compression wave profile, otserved at a fixed
distance from the discharge, changes markedly with an increase
in the rate of expansion of the channel.

This is due to the difference in the process of the propa-
gation of waves of low armplitude emitted by discharges of low
intensity, and of wans of finite anmplitude emitted in the
case of near or supersonic rodes of channel expansion.

Formally this difference 1s due to the fact that 1in the
case of small M numbers the time t at the point of observation
differs, according to formula (5.75), from x only by the constant

rc;-ﬂ » ldentical for all points of the profile and consider-

value

ing the time of wave proparation. ''n this case the wave propagates
without changing the profile, A graph of the function g(t) where
M = 0.12 and r/R; = 1072 1s shown in Fig. 6.30.

With an increasec in M the connection between t and x becomes
different ([see formulas 5,72 and 5.76], for different values of
t the proparation time becomes different, whereby, as 1s casily
seen from formula (5.86), a shorter proparation corresponds to a
larper . _ )

As # result the wnave prafile 18 hirhly distorted. This case

Lo 11 heceentog In . 6031, whera a pravh o0 Lo function with
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M = 0.4 and /R, = 102 1s shown.

As already was mentioned, "entanglement™ of the profile
signifies the formation of a shock front, the position of which
may be determined approximately according to the rule of "equality
of areas" (3] (Fig. 6.31). :

Now we shall use the theoretical information discussed for
describing individual experimental results.

& & (2 o s

Pig. 6.27. Dimensionless channel radius
as a function of time,

Fig. 6.28. Dimensionless pressure in a
discharge channel as a function of time.

Fig. 6.29. Dimensionless kinetic enthalpy
2 & v s on the surface of an expanding sphere as

a function of time where M = 0,12 (1),
M=1(2), and M= 2 (3).

Let us examine the proparation of the compression wave emitted
by discharre No, 10 (see Table 3.5).
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Pir. 6.30., Dimensionless kinetic
enthalpy at the point of observa-
tion as a function of time where
M=20.,12.

Pig. 6.31. Dimensionles kinetic
enthalpy at the point of observa-
tion as a function of time where
M - 0.”.

Pig. 6.32. Calculated (2) and

experirental (1) profiles of the
pressure in the corprecsion wave
fron discharge lio, 10, Table 3.5,

Let us examine the propagation of the compression wave
emitted by discharge No. 10 (3ee Table 3.5).

The signal from this discharge, in thg direction perpendicular
to the channel axis, recorded with a hydrophone is shown in Fig. 6.32,
curve 1, and clearly indicates that there is a shock wave at the
leadin; edpe of the sipnal,

The characterlstic channel radlus ~f discharpe No. 10,R; = 0.837,
. 1s small in comparison with its lenpth, therefore direct application
of the spherical model considered in this section is inconvenient

for calculating the compression wave emitted by discharpe No. 10,

It s possible, however, to exanine a discharre equivalent o
dlschaPKO.NO. 10 in the sense that 1t, possessiny spherical symretry,
in all directions radiates a compression wave of the same anplitude
ared duves Yo s Aol e Tins 10 P&dlntvg in tnn diruétion perpondi-

culur Lo the channel naia.)thnt '3, to dowiny the characterictie »yo
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dius of this discharce ﬁb from the condition o —% = p ;25.
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6

hence K, = 1,18 cm. Assuming according to Table 3.5, t = 30.107° sec,

HO
we obtain M = i 0.26,

The result of integrating equaticns (5.68)=(5.74),where
M= 0,26 and r/Ro - 102,13 shown in Plg. 6.32, curve 2.

) As 1s seen,the theoretical profile of the compression wave
also . revéals a.tendencyTGSWArd increasing the steepness of the
leading edge, 'In conclusion we note that experimental investi-
gations of electrical discharges in liquid have been conducted
recently by a number of authors (see, for example, [5-7))}. The
data on the hydrodynamic characteristics of discharges obtained
in these studles aiso agree with the results of calculation con-
ducted In accordance with the approximation thecry presented above.

Section 6. Comparison of Electrical Discharges in
Water with Underwater Explosions

The results presented above show that the hydrodynamic pheno=-
mena accompanying electrical discharges to a significant degree
are similar to the corresponding phenomena which occur in the
case of explosions of s0lid explosives in a 1liquid medium, It
is of interest to compare the quantitative characteristics of
these two processes, '

We shall begin with the energy values. Triniirotoluene,
the energy capacity of which 1s around 4200 J/r, usually is used
as the explosive, The constant nature of enerpry capacity makes
it possible to characterize the energy of the explosive in welipght
units. The ranre of variation of the charye weirhts used in
practice 1s very wide, The charsre welrhts used, for example, in
oceanle Investj aniagnn, in fndostrelal enictnecrine, ote,, are

measured in values of fvom tens of jreams Lo Lena of killoyrams,
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In energy values this range extends from several tens of kilo-
Joules to several tens of merajoules. In view of the small
energy capacitv of condensers, amounting to around 0.1 J/cmB,

it is difficult to create discharges of great energy. The maxi-
mum of electrical discharges in a liquid, according to the data
in the literature, does not exceed several tens of kilojoules,
and requires a ccndenser volume of no. less than several cublc

meters for its accunulation,

We shall now compare an electrical discharge with the ex-
plosion of an explosive of identical energy. The rate of enercy
release in the case of explosions of so0lid explosives 1s determined
by the rate of detonation, which 1= around 7°105 cm/sec, Consider-
ing that the densjty of the explosive is equal to approximately
1.5 g/cm3, it is easy to find that the typical linear dimensions
of charges are within the range fron several centimeters to several
tens of centireters and, consequently, the enersy release tires
are within the 1limits of from several microseconds to several tens
of microseconds. Electrical discharges in «“ater usually take

. ‘place during times of tens to hundreds of microseconds. Thus,
a significantly slower rate of energy release than occurs in the
case of the explosions of solid explosives is characteristic of
electrical discharges. This, of course, does not mean that in
the case of electrical discharres it is fundamentally impossible
to odbtain a hich rate c{ releasc of large amounts of energy.

. . However, achieving rates of energy release corresponding to

ex;:loslons of explosives 1in this case is connected with specific
technical difficulties.

Because of the hirh rate of energy release the compression
pulse .mitted in the process of the explosion of an explosive has
an enerpy reaching 607 of the enerry of the charge. The pressure
in it anounts to several tens of thousands of atmospheres and
fhercforc the pulse has a shcek front, The intense enerry dissipa-
tion leads to a rapid drop in pressure in the compression pulse,
In addts Lo, el v the Ineronased rate nf prapopation of the shocl:

FYD=t"=03=00" =T 20

’ Best Available Copy

_____—‘y-_*



/

PPN ©2 o L bt S

wave,the duration of the compression pulse increases At dis-
tances reduced to a unit weipght, on the order of 100 em/g and
more, the compression pulse created by an explosion 1s described,
according to the data of R. Koul {1], by the formulas

P = paexp(—10)
Pu = T200(07/r) 7| gem]: 0o 5,65-10415" (r/1) ") [gac],

where W is the weight of the charge (in g); r is the distance
(in cm).

Accordinr to these data 1t 1is easy to find that the ratlo
cf the energy of the corpression pulse to the energy of the
charge at reduced distances, on the order of 100 em/g, proves to
be equal to 20%, which is close to the electroacoustic efficiency
of electrical discharces 1n water.

The pulsation enerpy of the gas bubble formed by the explosion
of an explcsive 1s approximately equal to L05 of the energy of
the charge, while in the case of electrical discharges it amounts
to 25-30% of the energy f the discharge. The difference 1is
explained by the fact that discharges are accompanied by signifi-
cantly greater eneriy losses, since the matter in the discharge
channel has a temperature on the order of several tens of thousands

of degrees, while in the case of explosions it amounts to only
several thousands of degreces,

Best Available Copy
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